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Glycosylation is one of the most prevalent post-translational modifications 
(PTMs), playing key roles in various biological activities.  Characterization of protein 
glycosylation faces unique challenges due to the highly diverse structures of glycans and 
the heterogeneity of glycoforms at a specific glycosylation site.  Fourier transform ion 
cyclotron resonance mass spectrometry (FT-ICR MS) is an extremely valuable tool for 
glycosylation analysis, benefiting from high resolution, ultrahigh mass accuracy, and a 
multitude of tandem mass spectrometric capabilities. 
In this thesis, ion-electron and ion-ion based fragmentation techniques such as 
electron capture dissociation (ECD), electron transfer dissociation (ETD), and electron
xix 
 
detachment dissociation (EDD) are explored for structural characterization of 
glycosylation.  Acidic glycans such as sulfated and sialylated glycans have been linked to 
cancer metastasis.  EDD and metal-assisted ECD/ETD are utilized for structural 
elucidation of acidic and neutral oligosaccharides, and complementary structural 
information is obtained compared to collision activated dissociation and infrared 
multiphoton dissociation (IRMPD).  Compared to ECD, ETD is less efficient for 
fragmenting low charge state precursor ions.  For sialylated glycans, negative-ion mode 
analysis is more advantageous due to the abundant signal and the ability of EDD to 
generate extensive glycosidic and cross-ring cleavages. 
We explore EDD and IRMPD of fluorescently labeled oligosaccharides, and 
compare the influence of different labels.  Complementary structural information can be 
obtained from EDD and IRMPD.  Acidic labels promote glycan signal in negative-ion 
mode, but also introduce competition of deprotonation sites which impedes the formation 
of cross-ring cleavages.  IRMPD and EDD are also utilized for structural characterization 
of N- and O-linked glycopeptides.  For N-linked glycopeptides, EDD fragmentation 
efficiency decreases with increased peptide length.  For O-linked glycopeptides, EDD is 
able to yield peptide backbone, glycosidic, and cross-ring cleavages in the same spectrum, 
suggesting EDD as a powerful tool for structural analysis of O-glycopeptides. 
Finally, development of LC-FT-ICR MS methods to separate and identify neutral 
and acidic N-glycans using hydrophilic interaction chromatography and graphitized 
carbon columns is also described.  The methods explored in this thesis can contribute to 
the process of decoding the glycome, and yield new insights into the highly diverse 







1.1 Glycosylation and Mass Spectrometry 
Glycosylation is one of the most prevalent posttranslational modifications (PTMs) 
and a variety of different types of glycans are also frequently attached to lipids.  Glycans 
participate in many important biological processes, including protein folding and 
assembly, cell adhesion, cell signaling, immune response, molecular trafficking, and 
cancer metastasis.1-5  Altered glycosylation patterns have been associated with cancer 
malignancy, such as modification of core structures, increased branching, and increased 
sialylation.6-9  Therefore, therapeutics or vaccines that target cancer-associated glycans or, 
in the former case, their down-stream interactions will potentially impede tumor 
progression.  Several glycan-based therapeutics and vaccines are already available 
clinically or in various clinical stages, such as Fragmin® from Pfizer, and Aranesp® 
from Amgen.10,11   
Although the biological significance of glycosylation is well established, the 
structural diversity arising from complex nontemplate-based biosynthesis, makes glycan 
structural characterization a highly challenging task.  Glycosylation encompasses, e.g., 
2 
 
N-linked glycans, O-linked glycans, and the glycosaminoglycan (GAG) family of 
polysaccharides.  As shown in Figure 1.1,10 N-glycans are branched carbohydrates 
containing a pentasaccharide core, normally attached to asparagine residues of proteins in 
an Asn-Xxx-Ser (or Thr) amino acid consensus sequence with Xxx ≠ proline.  N-glycans 
are classified into three sub-categories based on the structures at each branch.12  “High-
mannose” type only contains mannose residues that are attached to the core structure.  
“Complex” type contains only N-acetyllactosamine in the antenna region.  “Hybrid” type 
contains both mannose and N-acetyllactosamine residues in the antenna.  O-glycans are 
branched and linked with either serine or threonine but without a consensus amino acid 
sequence.  In addition, there are several core structures for O-glycans.  GAGs are also 
attached to serine or threonine, but they are linear carbohydrates and often highly 
sulfated.12,13 
           





In order to fully understand the key roles glycosylation plays in various cellular 
processes, knowledge of only the sequence of these compounds is far from sufficient.  
The linkage, degree of branching, and stereochemistry should also be determined.  
Traditionally, exoglycosidase digestion, nuclear magnetic resonance (NMR) 
spectroscopy, X-ray crystallography, and gas chromatography/mass spectrometry 
(GC/MS) have all been used for structural characterization of carbohydrates.14  However, 
such methods do not provide the required sensitivity for glycoproteomics.  Modern mass 
spectrometry is an important tool for structural analysis of carbohydrates, offering high 
sensitivity, high precision, and analytical versatility.15-17  Accurate masses obtained from 
high-resolution tandem mass spectrometry (MS/MS or MSn) provide reproducible and 
reliable information for glycan and glycopeptide structural characterization, and 
glycosylation site determination.18,19    Fourier transform ion cyclotron resonance mass 
spectrometry (FT-ICR MS) provides the highest resolution and resolving power of 
current mass spectrometers.15  FT-ICR MS is discussed in Section 1.3. 
1.2 Strategies for Glycosylation Characterization by Mass Spectrometry 
1.2.1 Overview 
Glycoproteomics and glycomics constitute emerging fields with the goal of 
establishing a better understanding of the various essential roles protein glycosylation 
play in cellular processes.4,13,20-23  However, the study of glycosylation is still far from 
routine, due to the enormous structural diversity of glycans and glycopeptides.  Mass 
spectrometry-based glycosylation studies can generally be assigned to one of three 
categories: glycosylation site determination, glycan analysis (glycomics), and 
glycopeptide analysis.24   
4 
 
In studies where the focus is on glycosylation site determination, glycoproteins 
are often enriched by affinity chromatography or covalent coupling chemistry and then 
either investigated as glycoproteins directly, or as deglycosylated proteins.  
Deglycosylation is often performed by applying peptide-N-glycosidase F (PNGase F) 
digestion to N-glycosylated proteins, which cleaves the amide bond between asparagine 
residues and the glycan, converting the asparagine into aspartic acid.25  The mass shift of 
1 Da after deglycosylation could be used to identify the former glycosylation site.26  
Reverse phase liquid chromatography (LC) separation is commonly used to separate the 
resulting non-glycosylated peptides after proteolytic digestion, and large-scale analysis 
can be achieved.27  One drawback of this approach is that the glycan moiety is discarded 
and, thus, no glycan structural information can be obtained.   
Glycomics studies aim to obtain information regarding monosaccharide 
composition, i.e., “sequence” of glycans, as well as glycan linkage type.  This approach is 
complementary to glycosylation site determination.  PNGase F cleavage, β-elimination, 
and hydrozinolysis are some of the commonly employed sample preparation methods for 
glycan release in glycomics.  Following glycan release, solid phase extraction (SPE) or 
LC are applied for purification and enrichment of native or derivatized glycans, followed 
by mass spectrometric strategies for glycan identification and characterization.28-32  
Glycan release and derivatization methods are discussed in Section 1.2.3.  In glycomics 
approaches, glycosylation site information is not obtained. 
Glycopeptide analysis involves proteolytic digestion of glycoproteins and analysis 
of the resulting glycopeptides with their glycans still attached.  Traditionally, amino acid 
specific enzymes such as trypsin and Glu-C are primarily used.  However, in the resulting 
5 
 
peptide mixture, glycopeptides can suffer from significant ion suppression from non-
glycosylated peptides, which increases the difficulty in analyzing glycopeptides.  Non-
specific enzymes, such as pronase and proteinase K, have received increasing attention 
recently, due to their ability to completely digest non-glycosylated peptides into single 
amino acids, and generate short glycopeptides at the same time.24,28,33-35  MS/MS of 
glycopeptides, particularly the combination of different fragmentation techniques, 
generates not only peptide backbone cleavages, but also glycosidic and cross-ring 
cleavages on the glycan moiety, providing rich structural information.36-44   
1.2.2 Ionization Methods 
Matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization 
(ESI) are the two major modern ionization methods for glycans and glycoconjugates.  
MALDI involves co-crystallization of analytes and an organic matrix, which acts as a 
chromophore for ultraviolet laser irradiation.  The MALDI mechanism is still under 
debate, but it has been demonstrated that the choice of matrix plays a crucial role in 
obtaining strong signals from carbohydrates.16  MALDI demonstrates high sensitivity, 
relatively high tolerance to contamination, and predominantly produces singly charged 
ions, such as (M + H)+ and (M + Na)+  ions in positive-ion mode.  However, acidic 
(sialylated, sulfated, or phosphorylated) carbohydrates may undergo fragmentation in 
positive-ion mode during ionization, both in-source and post-source.45,46  In negative-ion 
mode, MALDI mostly produces (M - H)- ions.   
ESI is a soft ionization method and particularly suitable to use with LC.  
Depending on sample composition, ESI produces both singly and multiply charged ions, 
which makes ESI more compatible with various MS/MS strategies than MALDI.  It is 
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believed that the sensitivity of ESI for carbohydrates is limited by their hydrophilicity:47 
There are three major steps in the formation of gas-phase ions during the ESI process: (a) 
formation of charged analyte-containing droplets; (b) disruption of charged droplets due 
to solvent evaporation and Coulomb repulsion; (c) formation of gas-phase ions from 
secondary droplets.48  When the initial droplets are formed, hydrophobic analytes (such 
as most proteins and peptides) are distributed preferentially on the droplet surfaces, 
whereas hydrophilic analytes (such as glycans or heavily glycosylated proteins and 
peptides) are located inside the droplets.  Consequently, ion signal from hydrophilic 
compounds is suppressed in the ESI process, resulting in low sensitivity.47   
Permethylated oligosaccharides and oligosaccharides derivatized with hydrophobic tags 
thus demonstrate enhanced sensitivity, up to 1,000 fold.17,49,50  Nano electrospray 
ionization (nano-ESI) shows significantly improved sensitivity and higher tolerance to 
salts and other contaminants compared to conventional ESI due to decreased initial 
droplet sizes.47,51  Nano-ESI also facilitates glycan structural analysis with extremely low 
sample consumption and has been widely utilized with nano-scale LC.32,52-54 
1.2.3 Sample Preparation Methods of Glycans 
Enzymatic and Chemical Release Methods.  For enzymatic release of N-linked glycans, 
PNGase F is most commonly used.  This enzyme cleaves the amide bond between 
asparagine residues and the glycan, releasing most N-linked glycans, except for those 
containing an α1→3 fucose linkage at the reducing end N-acetyl glucosamine 
(GlcNAc).25  In such cases, peptide-N-glycosidase A (PNGase A) can be used as an 
alternative.  Endoglycosidase-H (Endo-H) is another popular enzyme for N-glycan 
release.  This enzyme cleaves the glycan between the two GlcNAcs at the chitobiose core 
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of high-mannose and hybrid glycans.55  However, Endo-H derived N-glycans do not 
provide information regarding core fucosylation, because the reducing end GlcNAc 
remains bound to the protein.  There is currently no universal enzyme for releasing O-
glycans.  Endo-α-N-acetylgalactosaminidase (O-glycanase) cleaves exclusively at 
serine/threonine-glycan bonds, but it is only active for core-1 type O-glycans.56  
Therefore, chemical release methods are more commonly used for releasing O-glycans. 
Hydrazinolysis is a widely used chemical method,57-59 which has the advantage of 
releasing both N- and O-linked oligosaccharides, but also frequently introduces side 
reactions, such as loss of N- and O-acetyl and glycolyl groups under harsh reaction 
conditions.60  Reductive β-elimination with sodium hydroxide and borohydride is also a 
popular method to chemically release O-glycans.  When using strong base such as 
sodium hydroxide, non-selective release of other Ser/Thr PTMs and glycan degradation 
(peeling) are often observed.61,62  Therefore, usage of mild bases such as ammonia or 
dimethylamine61 has been explored.  Recently, a novel O-glycan release method 
combining complete enzyme degradation with chemical release during the process of 
solid-phase permethylation was introduced.63  Glycans attached to serine and threonine 
are effectively cleaved, but those attached to arginine are not, rendering this strategy 
highly specific. 
Derivatization Methods.  Permethylation of glycans prior to mass spectrometric analysis 
is a widely used method.  When glycans are permethylated, they become significantly 
more hydrophobic, which has been reported to increase glycan sensitivity in MS with 
both ESI and MALDI.16,64  Moreover, permethylation enables structural analysis of 
sialylated glycans in positive-ion mode by stabilizing the labile sialic acid in MALDI.65,66  
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Traditionally, permethylation is based on the reaction of glycans with iodomethane and 
sodium hydroxide prepared in dimethyl sulfoxide (DMSO).67  More recently, Novotny, 
Mechref and co-workers have developed high-throughput solid-phase permethylation of 
glycans prior to MS68,69 by utilizing fused-silica capillaries or spin columns packed with 
sodium hydroxide powders or beads, and also demonstrated that sequential double-
permethylation can be used for improved structural characterization of sulfated glycans, 
including localization of sulfate groups.70     
Reductive amination is another widely used derivatization method.  2-
aminobenzoic acid (2-AA), 2-aminobenzamide (2-AB) and 2-aminopyridine (2-AP) are 
some of the commonly used reagents.16,71-74  Reductive amination serves multiple 
purposes: first, by introducing a chromophore to the reducing end of glycans, UV or 
fluorescence detection becomes possible in LC.  Second, because the introduced 
chromophore is hydrophobic, the retention in reverse phase LC improves at the same 
time as MS sensitivity increases.  However, in order to ensure high yield of labeled 
oligosaccharides, excess of labeling reagent is used, which requires a clean-up step.     
In addition to protonated/deprotonated oligosaccharides, alkali, alkaline earth, and 
transition metals are widely used for ionization of glycans prior to MS/MS analysis.75-81  
Metal cations can stabilize labile acidic groups, e.g. sulfate groups.82,83  It has also been 
demonstrated that metal-adducted glycans result in more cross-ring cleavages than their 
protonated counterparts in collision activated dissociation (CAD).75,78,81  Another 
advantage of metal adduction is elimination of rearrangement reactions during 
fragmentation.  Tandem mass spectrometry of reductively aminated glycans and 
glycopeptides in their protonated form is known to result in fucose and hexose 
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rearrangements, but this phenomenon is not observed for their sodium-adducted 
counterparts.74,84-87  Therefore, one should be aware of the possibility of rearrangements 
when assigning MS/MS spectra of protonated glycans and glycoconjugates.   
Compared to metal adducts, anionic adducts are not as frequently used in mass 
spectrometry.  Harvey explored a variety of anions in negative-ion mode ESI and 
reported that nitrate adducts yielded the most satisfactory spectra of N-linked glycans 
with little in-source fragmentation and high signal abundance.88  CAD of nitrate- and 
chloride-adducted N-glycans resulted in abundant A- and C-type product ions, whereas 
bromide and iodide adducts generated few fragments.  Cole and co-workers examined 
chloride adducts in both negative-ion MALDI and ESI, and found unique structurally-
informative product ions.89-91  For example, the abundance ratio of Cl--adducted/non-Cl--
adducted product ions in CAD spectra was utilized to differentiate anomeric 
configurations of disaccharides.90   
1.3 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 
1.3.1 Overview and Operating Principles 
The tremendous complexity of biological samples continues to push the technical 
limitations of analytical instrumentation.  FT-ICR92 and orbitrap mass analyzers93-95 
provide the highest resolving power of current mass spectrometers and such high-end 
instruments are utilized in a number of areas, including biomolecular identification, 
characterization of PTMs, quantification in proteomics, glycomics, and metabolomics, as 
well as petroleum characterization.  In addition to the superior resolution, FT-ICR and 
orbitrap also provide ultrahigh mass accuracy.15,96  Both mass analyzers are able to 
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achieve <5 ppm mass error for externally calibrated spectra and <2 ppm for internally 
calibrated spectra.15 
Unlike mass analyzers that measure ion deflection (electric/magnetic sectors), 
stability of ion trajectories (quadrupole mass analyzer, quadrupole ion trap), or time of 
ion transit (TOF), FT-ICR is based on detection of induced image current in the time 
domain followed by Fourier transformation to yield a frequency domain spectrum, which 
is then converted to an m/z spectrum through the ion cyclotron equation (equation (1)) for 
FT-ICR mass analyzers (shown in Figure 1.2):15,92,97 
m
zeB
c =ω   (1) 
in which ωc is the ion cyclotron frequency, z is an integer, e is the elementary charge, B is 
the magnetic field strength, and m is the ion mass.   
 
Figure 1.2. (a) Schematic representation of excited ion cyclotron rotation, (b) time-
domain image-current signal from opposed detection electrodes, (c) frequency-domain 
spectrum obtained by fast Fourier transformation of the digitized time-domain signal, and 




In the ICR cell, ions are first trapped radially and axially, coherently excited to 
larger cyclotron radii by applying an rf voltage containing the resonance frequency of the 
ions between one pair of plates, and then the image current of the orbiting cloud is 
measured by another pair of plates (shown in Figure 1.3).  This principle inherently 
allows high resolution because resolution is proportional to the ion observation time and 
this time can be rather long (several seconds) because FT-ICR mass analyzers operate at 
ultrahigh vacuum, typically in the region of 10-9 to 10-10 torr.15 
 
 
Figure 1.3. Excitation of an ion trapped inside the ICR cell. An rf voltage waveform 
containing the resonance frequency of the ion is applied between one pair of opposite cell 
plates. An image current of the orbiting ion cloud is detected on the other pair of plates. 
Typically, the superconducting magnetic field utilized in FT-ICR mass 
spectrometer is 7 - 18 Tesla, while a new 21 Tesla FT-ICR mass spectrometer is currently 
under development.98  With increased magnetic field, several FT-ICR MS parameters are 
improved, including mass resolving power, mass accuracy, signal-to-noise ratio, and 
dynamic range.99  Sufficiently accurate mass measurements allow unique identification of 
biomolecular elemental composition.  For example, the mass difference between 
potassium and sodium is 16 Da, which is also the mass difference between hexose (Hex, 
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e.g., mannose or glucose) and deoxyhexose (dHex, e.g., fucose or rhamnose), and 
between N-glycolyl neuraminic acid (NeuGc) and N-acetyl neuraminic acid (NeuAc).  
With a conventional ion trap mass analyzer, it is impossible to distinguish, e.g., (Hex + 
Na – H) (mass 184.03029) and (dHex + K – H) (mass 184.00931),100 whereas high 
resolution mass analyzers demonstrate outstanding capability for such applications.101  In 
addition, high resolution mass spectrometers combined with isotopic labeling of glycans 
is a powerful tool for glycan quantification.  For example, Orlando and co-workers 
reported a novel permethylation method using 13CH3I and 12CH2DI for comparative 
glycomics, introducing a mass difference of 0.002922 Da at each permethylation 
site.102,103 
Another advantage of FT-ICR is its ability to couple with various tandem mass 
spectrometric techniques.97,104  Gas-phase ion-electron reactions, such as electron capture 
dissociation (ECD),105 electron detachment dissociation (EDD),106 and electron transfer 
dissociation (ETD)107 have received increasing attention as alternative MS/MS strategies 
to CAD and infrared multiphoton dissociation (IRMPD), particularly for structural 
characterization of PTMs (see discussion in Section 1.4).  ECD and EDD are best 
implemented in FT-ICR mass spectrometers, although ECD is also available in three-
dimensional quadrupole ion traps108-110 and digital ion traps111,112.  The superiority of the 
FT-ICR for ECD and EDD is due to the required trapping of both electrons and 
polycations or anions, respectively, which is challenging in ion traps due to their low m/z 
cut-off.93  In addition, ECD and EDD often generate complex MS/MS spectra, including 
mixtures of radical and even-electron species.  Therefore, high resolution mass analysis is 
essential for unambiguously assigning product ions.  ETD was first introduced in a radio-
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frequency linear quadrupole ion trap instrument,107 however, analogous to ECD and 
similar to EDD, ETD generates complex product ion spectra that are challenging to 
interpret without high resolving power and high mass accuracy.113-115   
1.3.2 Experimental Setup 
The instruments used throughout the dissertation are both 7 Tesla Fourier 
transform ion cyclotron resonance mass spectrometers (Bruker Daltonics, MA).  
Schematic diagrams of the instruments are shown in Figure 1.4.  The Bruker Apex FT-
ICR MS is equipped with an ESI source, which can produce multiply charged ions and 
therefore is highly compatible with various fragmentation techniques such as ECD, ETD, 
and EDD.  Dual ion funnels provide improved ion transmission efficiency and ion 
sensitivity.116,117  The quadrupole before the collision cell allows external mass selection 
of ions.  The hexapole collision cell can store ions for a selected time, or be used to 
induce fragmentation (CAD, see discussion in Section 1.4.1) of selected precursor ions.  
Ion transfer optics are required to accelerate and focus the ions coming out of the 
collision cell in order to overcome the magnetic mirror effect.118  The mass analyzer in 
this instrument is an infinity cell, which has a cylindrical geometry design.  Located at 
the back of the instruments is a hollow cathode that can generate electrons for ion-
electron reactions such as ECD and EDD, and a 10.6 µm CO2 laser for IRMPD.   
The Solarix mass spectrometer shares a similar design with the Apex, but there 
are some differences.  A transfer hexapole is used instead of high voltage ion transfer 
optics to achieve improved ion transfer efficiency and higher sensitivity.  A chemical 
ionization (CI) source is coupled to the instrument after the dual ion funnels, to allow 
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generation of radical anions for ETD events (see Section 1.4.2).  In addition, a CO2 IR 
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Figure 1.4. Schematic diagrams (top, Bruker Apex; bottom, Bruker Solarix) of 7 Tesla 
Fourier transform ion cyclotron resonance mass spectrometers used in the dissertation. 
The instruments are equipped with an ESI source, dual ion funnels, a quadrupole for mass 
selection, a hexapole as collision cell for CAD, and ICR cells as mass analyzers. 
 
1.4 Tandem Mass Spectrometry 
In tandem mass spectrometry (MS/MS),119 precursor ions are isolated in the gas-
phase and subjected to fragmentation.  One major advantage of MS/MS is its ability to 
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provide extensive sequence information of the precursor ions in a single experiment.120   
A variety of MS/MS techniques are compatible with FT-ICR mass spectrometers, 
including sustained off-resonance irradiation (SORI)-CAD,121-127 IRMPD,30,37,124,128-130 
blackbody infrared radiative dissociation (BIRD),131-133 surface induced dissociation 
(SID),134-136 ECD,105,137-139 EDD,106,140,141 ETD, 107,142,143 and electron induced 
dissociation (EID).144,145   The fragmentation techniques utilized in this dissertation 
include CAD, IRMPD, ECD, ETD, and EDD (see Figure 1.5). 
Vibrational Activation Methods
• Collision Activated Dissociation (CAD)
[M +/- nH]n+/- + collision → [M +/- nH]n+/-* → fragments
• Infrared Multiphoton Dissociation (IRMPD)
[M +/- nH]n+/- + mhν → [M +/- nH]n+/-* → fragments
Ion-electron Reactions
• Electron Capture Dissociation (ECD)
[M + nH]n+ + e-<1 eV→ [M + nH] (n - 1)+• → fragments
• Electron Transfer Dissociation (ETD)
[M + nH]n+ + A- → [M + nH](n - 1)+• + A → fragments
• Electron Detachment Dissociation (EDD)                                   
[M - nH]n- + e->10 eV→ [M - nH](n-1)-•→ fragments  
Figure 1.5. Summary of tandem mass spectrometric techniques used in this dissertation. 
1.4.1 Vibration Excitation Methods 
CAD.  CAD is the most widely utilized fragmentation technique for structural analysis of 
glycans and glycoconjugates.  There are two types of cleavages in MS/MS, including 
glycosidic cleavages (B-, C-, Y-, Z-type) and cross-ring cleavages (A- and X-type) as 
shown in Figure 1.6.146  Glycosidic cleavages involve bond rupture between 
monosaccharides and provide information regarding monosaccharide composition.  
Cross-ring cleavages, which occur across carbohydrate rings, are particularly helpful in 
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determining linkage type.  Low-energy CAD, which involves multiple inelastic collisions 
with neutral molecules or atoms, typically produces glycosidic cleavages.17  Cross-ring 
cleavages are less likely to be formed because higher energy is required to break two 
covalent bonds.   
 
Figure 1.6. Nomenclature for tandem mass spectrometric product ions of glycans.146 
In positive-ion mode of neutral oligosaccharides, B- and Y-type ions are 
commonly observed, whereas in negative ion mode, cross-ring and abundant C-type 
fragments are often generated.88,147-149  For sialylated oligosaccharides, negative-ion CAD 
is dramatically different compared to non-sialylated glycans and higher energy is 
required for dissociation.150  High-energy CAD provides more cross-ring cleavages, such 
as 1,5X- and 3,5A-type ions in both positive- and negative-ion mode72,151-153 compared to 
low-energy CAD.  In addition to providing extensive structural information regarding 
glycan sequence and branching, high-energy CAD is capable of differentiating structural 
isomers.152,154  However, high-energy CAD is currently mainly available in MALDI 
tandem time-of-flight (TOF)/TOF instruments, which limits its applicability.  Further, 
high-energy CAD involves significant ion scattering which reduces sensitivity. 
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In Fourier transform mass spectrometry, low-energy CAD can be performed 
external to the mass analyzer, either in a linear quadrupole ion trap (for orbitrap and FT-
ICR instruments), or in a hexapole collision cell (for FT-ICR).  The FT-ICR mass 
analyzer also allows CAD inside the ICR cell by adding collision gas.  In the latter case, 
two main variants of CAD can be performed: in on-resonance CAD, an excitation 
frequency equal to the ICR frequency of a precursor ion is applied while collision gas is 
pulsed into the ICR cell.18  In this approach, product ions are formed off-axis, which 
limits the practicality of further fragmentation stages and also limits resolving power.97  
In SORI-CAD, the excitation frequency is slightly offset from the precursor ions’ 
cyclotron frequency.  Consequently, ions are repeatedly excited to a relatively small 
cyclotron radius and then come back to the center of the ICR cell, thereby removing the 
shortcomings of on-resonance CAD.  “In cell” CAD and CAD in an external linear ion 
trap both have the advantage of allowing multiple stages of tandem mass spectrometry, 
MSn where n>2.   
In SORI-CAD, precursor ions undergo multiple low-energy collisions with added 
background gas and are continuously vibrationally excited in a manner analogous to 
IRMPD.121  Solouki et al. reported that SORI-CAD MSn (n>2) of permethylated 
oligosaccharides provided more extensive fragmentation compared to conventional CAD 
in a triple quadrupole mass spectrometer.155  SORI-CAD has also been applied to 
protonated carrageenan sulfated oligosaccharides for determining the positions of 
sulfated residues,125 to deprotonated monosaccharides for determining phosphate 
locations,124 and to alkali metal-adducted di-saccharides for studying the influence of 
metal ions on fragmentation behavior.156  The latter work showed that, in SORI-CAD, the 
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dissociation thresholds of oligosaccharide glycosidic cleavages depend on the size of 
alkali metals, while activation barriers for cross-ring cleavages are independent of alkali 
metal identity, but dependent on linkage type.156 
IRMPD.  IRMPD is a valuable tool in FT-ICR and other ion trap instruments because of 
its ability to readily yield secondary fragmentation and thereby provide higher 
fragmentation efficiency compared to CAD.18  IRMPD has been applied to various kinds 
of biomolecules, such as proteins, peptides, carbohydrates, and oligonucleotides.130  
Typically, a 10.6 µm CO2 laser is used for infrared irradiation, but tunable CO2 laser 
IRMPD has recently been implemented.157-159  The latter approach was able to 
differentiate anomers of lithium-adducted methyl-glucopyranoside by comparing relative 
product ion abundances as function of laser wavelength.158  Differentiation of lithium-
tagged glucose-containing disaccharides was previously reported by Polfer et al. with 7-
11 µm photons from a free electron laser.160  That work was able to assign both linkage 
position and sugar anomeric configuration.   
During IR activation, multiple photons are absorbed and the corresponding energy 
is redistributed over all precursor ion vibrational modes.158  Therefore, multiple 
fragmentation events may take place.  One of the major advantages of IRMPD in FT-ICR 
MS is that no collision gas needs to be introduced to the ICR cell.161  In addition, IRMPD 
provides on-axis fragmentation, thus there is no loss of resolution.   
Lebrilla and co-workers have compared IRMPD fragmentation patterns to those 
from CAD of model oligosaccharides, N-linked glycans, and O-linked glycans ionized 
with alkali metals in FT-ICR MS.30,46,79,162  Similar to CAD, IRMPD favors low energy 
dissociation pathways, thus mostly glycosidic cleavages but also some cross-ring 
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cleavages are observed in IRMPD spectra.  However, contrary to CAD, IRMPD 
fragmentation efficiency increases with increasing glycan size: for large O-glycans, 
single-stage IRMPD resulted in cleavage of all glycosidic bonds.162  Moreover, IRMPD 
of alkali metal-adducted oligosaccharides generates different fragmentation patterns 
compared to those from SORI-CAD, e.g., IRMPD readily yields monosaccharide 
residues, whereas multiple MS/MS stages of CAD are required to achieve similar 
results.46,79  Therefore, IRMPD is not only a fast and efficient MS/MS method but it can 
also potentially serve as a complementary technique to CAD for structural 
characterization of glycans. 
1.4.2 Ion-electron Reactions 
ECD.  ECD is performed by irradiating at least doubly positively charged precursor ions 
with low energy (<1 eV) electrons, generating charge-reduced radical species from 
electron capture and product ions from radical-driven fragmentation.105,139,141,163  Since its 
first introduction in 1998,105 the application of ECD for biomolecular structural analysis 
has been rapidly expanding due to its complementary nature compared to CAD and 
IRMPD.104  For example, ECD shows unique analytical utility in PTM characterization 
because labile PTMs are retained and can thus be localized within a molecule.  ECD has 
been successfully utilized in this manner for characterizing, e.g., protein N-
glycosylation,37,164 O-glycosylation,137 and phosphorylation.138,165 
While ECD has been widely applied to peptides and proteins, its application 
towards carbohydrates has just begun to emerge.  Due to the lack of basic groups in 
carbohydrates and their frequent relatively small size, it is often difficult to obtain 
multiply protonated precursor ions (multiple positive charges are required for ECD).  The 
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first application of ECD towards carbohydrate analysis circumvented this issue by 
involving aminoglycans, which can easily be multiply protonated.  However, this work 
reported only glycosidic cleavages from ECD.123  Our group utilized  alkali, alkaline 
earth, and transition metals to generate multiply positively charged ions for model 
oligosaccharides and observed complementary fragmentation patterns from IRMPD and 
ECD of these species.80  O’Connor and co-workers explored the application of CAD and 
hot ECD (i.e., ECD with ~10 eV electrons) towards permethylated oligosaccharides.166  
For linear oligosaccharides, CAD and hot ECD resulted in similar product ions.  In 
contrast, CAD generated A-, B-, and Y-type ions for branched N-glycans, while hot ECD 
generated C-, Z- and complementary A- and X-type cross-ring fragment pairs.  All these 
studies show that ECD has great potential to serve as a glycan structural analysis 
technique. 
EDD.  EDD was first introduced for the characterization of peptide anions in 2001.106  In 
EDD, polyanions are irradiated with >10 eV electrons to yield electron detachment, 
forming radical anions which undergo further radical-driven fragmentation.  EDD has 
been applied to peptides,106,140,167 oligonucleotides,168,169 gangliosides,170 model 
oligosaccharides,171 and GAG-derived oligosaccharides.172-178  Our work demonstrated 
that EDD of neutral and sialylated oligosaccharides results in fragments complementary 
to those from IRMPD and CAD, including extensive cross-ring product ions such as 1,5A, 
3,5A, 1,5X and 3,5X ions.171  The extensive work by Amster and co-workers on EDD of 
GAGs has shown that extensive glycosidic and cross-ring cleavages are generated.  In 
contrast, IRMPD and CAD of GAGs mainly generate glycosidic cleavages.  EDD was 
also shown to be able to differentiate the isomers glucuronic acid and iduronic acid.173  
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The complementarity of EDD and IRMPD/CAD makes them highly promising 
approaches for structural characterization of carbohydrates, particularly acidic 
carbohydrates in negative-ion mode. 
ETD.  ETD was first introduced in a radio-frequency linear quadruple ion trap to 
characterize peptides,107 and later applied in orbitrap and FT-ICR instruments.115  In ETD 
events, anion radicals transfer electrons to polycations, and induce fragmentation similar 
to that observed in ECD.  Similar to ECD, ETD of PTM-modified peptides typically 
generates extensive peptide backbone cleavages while leaving the labile PTMs intact.  
Therefore, ETD is particularly powerful in analyzing protein PTMs, such as 
phosphorylation, glycosylation, methylation, acetylation, and disulfide bonds.113,143  
1.5 Dissertation Overview 
The research presented in the dissertation has focused on the utilization of various 
tandem mass spectrometric techniques for structural characterization of glycans and 
glycopeptides.  LC-MS methods were also developed to separate and identify 
oligosaccharides and N-linked glycans.  Ion-electron reactions such as ECD, ETD, and 
EDD has been previously applied to characterize protein PTMs, however, application 
towards glycans and glycoconjugates still remains to be investigated.  In the following 
Chapters, ion-electron reactions of metal-adducted glycans cations (Chapters 2 and 3), 
native sialylated glycans (Chapter 4), derivatized oligosaccharide anions (Chapter 5), and 
N- and O-linked glycopeptides (Chapter 6) will be described.  Chapter 7 focuses on 
method development using hydrophilic interaction liquid chromatography (HILIC) and 
graphitized carbon LC-MS for N-glycan profiling. 
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Chapter 2 investigates ECD of metal-adducted sulfated N-glycans.  Sulfated 
glycans have been associated with cancer metastasis processes.179  However, sulfated 
glycans are highly challenging to analyze in mass spectrometry due to the labile sulfate 
groups.  Previous work has shown that metal cations can help stabilize sulfate groups in 
the gas phase.180  In Chapter 2, we show that ECD of metal-adducted sulfated N-glycans 
generate complementary structural information compared to IRMPD, while preserving 
the labile sulfate groups in all the product ions.  At the time this work was conducted, it 
was the first time ECD had been applied to N-linked glycans released from glycoproteins. 
Chapter 3 compares the fragmentation behaviors of metal-adducted 
oligosaccharides following ECD and ETD, and also compares such dissociation with that 
from CAD.  ECD and ETD of peptides has demonstrated similar fragmentation 
patterns,181 however, ECD and ETD of oligosaccharides have not previously been 
directly compared.  For doubly charged oligosaccharide precursors, ECD typically 
generates similar but more extensive fragmentation compared to ETD. 
Chapter 4 utilizes ion-electron reactions to characterize sialylated N-linked 
glycans both in positive- and negative-ion modes.  GAGs and model oligosaccharides 
undergo extensive fragmentation in EDD, however, EDD of N-linked glycans released 
from glycoproteins had not been studied before.  In Chapter 4, we compare the 
fragmentation patterns from IRMPD and ECD of metal-adducted sialylated glycans, and 
also IRMPD and EDD of sialylated glycan anions.  Negative ion mode IRMPD and EDD 
both produced extensive glycosidic and cross-ring cleavages, and the cross-ring 
fragments from the two approaches are completely complementary.  When the precursor 
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ion charge state increases, improved fragmentation efficiency is observed in both 
positive- and negative-ion mode. 
Chapter 5 examines EDD and IRMPD of fluorescently labeled oligosaccharides.  
Reductive amination of oligosaccharides using fluorescent labels has been widely used to 
allow UV detection in HPLC and to increase hydrophobicity of oligosaccharides in 
MS.49,62,64  However, fragmentation studies of such derivatized oligosaccharides using 
ion-electron reactions, had not been previously conducted.  In Chapter 5, we compare 
EDD and IRMPD fragmentation patterns of derivatized oligosaccharides, and also 
compare the influence of different fluorescent labels. 
Chapter 6 investigates structural characterization methods of N-linked and O-
linked glycopeptides using negative ion mode IRMPD and EDD.  We used the non-
specific enzyme pronase, combined with EDD to characterize the structure of 
glycopeptides.  For N-linked glycopeptides, EDD fragmentation efficiency decreases 
with increased peptide lengths.  For O-linked glycopeptides, EDD is able to yield peptide 
backbone, glycosidic, and cross-ring cleavages in the same spectrum, thus being a very 
promising tool for structural analysis of O-glycopeptides. 
Chapter 7 focuses on LC-MS method development using HILIC and porous 
graphitized carbon (PGC) columns to separate and identify N-glycans released from 
glycoproteins.  The HILIC column was able to separate neutral and acidic N-glycans, 
while reproducibility is an issue.  PGC LC-MS also achieved N-glycan profiling with 
good resolution, and potential separation of glycan isomers.  Online PGC LC-MS/MS 




A summary of all results in this dissertation is given in Chapter 8.  Finally, one 
appendix is included.  We examined sulfated and sialylated glycan enrichment using 
ZrO2 and TiO2 microtips.  Both sulfated and sialylated glycans are enriched from 
mixtures of acidic and neutral glycans. 
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Electron Capture Dissociation of Divalent Metal-adducted N-linked 




Glycosylation is a prevalent protein post-translational modification (PTM), 
playing key roles in various cellular processes, such as metastasis, cell adhesion, 
molecular trafficking and clearance, and receptor activation.1-8  Glycans are assembled 
in a step-wise fashion by the sequential actions of glycosyltransferases and glycosidases,1 
a process which results in highly diverse glycan structures.  This structural complexity 
makes glycan characterization more challenging than the characterization of other linear 
biomolecules, such as peptides or oligonucleotides.  In addition to the sequence of 
monosaccharides, linkages between the monosaccharides, degrees of branching, and 
stereochemistry (α vs. β) must be determined to achieve complete characterization of 
glycans.  Mass spectrometry has been widely applied for the structural determination of 
glycans due to its ability to offer accurate results, analytical versatility, and high 
sensitivity (attomole to fentomole range).9-12  In particular, Fourier transform ion 
cyclotron resonance (FT-ICR) mass spectrometry13,14 is a powerful technique due to its 
high resolution and high mass accuracy,15 and its ability to apply various tandem mass 
spectrometric (MS/MS) techniques.   
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Structural characterization of sulfated oligosaccharides has been a challenging 
task due to the high lability of the sulfate group.  Most MS/MS analysis of sulfated 
oligosaccharides has been performed in negative ion mode because of the acidity of 
sulfate.  In particular, collision activated dissociation (CAD) has been extensively 
applied to investigate sulfated oligosaccharide anions.16-21  Loss of SO3 or H2SO4 is a 
dominant fragmentation process in CAD and thus localization of sulfate groups is 
challenging.  Choosing a precursor ion of higher charge state for CAD analysis can 
reduce sulfate elimination.18,19  While CAD provides mostly glycosidic cleavages (B-, 
C-, Y-, and Z-type22 ions) and some cross-ring cleavages (A- and X-type22 ions),16-20 
infrared multiphoton dissociation (IRMPD), electron detachment dissociation (EDD)23-25, 
and negative electron transfer dissociation (NETD)26 have been shown to generate 
extensive cross-ring and glycosidic cleavages in negative ion mode analysis for sulfated 
glycans and glycosaminoglycans (GAGs).27-33  Compared to IRMPD, EDD produces 
more abundant product ions and reduced sulfate elimination.29  However, sulfate loss is 
still competing with other fragmentation pathways, and therefore remains an issue in 
sulfated oligosaccharide characterization. 
In positive ion mode analysis, it has been demonstrated that sulfate groups can be 
stabilized by forming adducts with alkali and divalent metal cations.34,35  It has also 
been reported that biomolecules coordinated to metal cations provide additional structural 
information in tandem mass spectrometry compared to their protonated species.  For 
example, CAD of metal-adducted oligosaccharides yielded more extensive cross-ring 
cleavages than the corresponding protonated species.36-40  However, the efficiency of 
CAD decreases with increasing glycan mass.41  Alternative tandem mass spectrometric 
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techniques have also been applied for positive ion mode glycan structural analysis, 
including IRMPD,37,42-45 high-energy CAD,46-48 157 nm photodissociation,41,49,50 and 
electron capture dissociation (ECD),51-55   The first application of ECD to protonated 
carbohydrates mainly generated glycosidic cleavages.51  O’Connor and co-workers 
observed that ECD of permethylated glycans yielded some unique product ions compared 
to CAD of the same species,54 illustrating the complementary nature of these two MS/MS 
techniques in glycan analysis. 
The utilization of metals to ionize sulfated glycans has two main advantages:  
first, divalent metals can stabilize the labile sulfate group.35,55  Moreover, divalent 
metals facilitate the formation of at least doubly positively charged species, which are 
required for ECD.  Our group has previously demonstrated the application of ECD to 
model oligosaccharides ionized with alkali and divalent metals, and found that 
complementary structural information was obtained from ECD as compared to IRMPD.53  
We also found that ECD of sulfated oligosaccharides ionized with divalent metals 
provides information about the location of sulfate groups.55  However, previous work 
mainly focused on model oligosaccharides.  Here, our objective is to explore the 
applicability of ECD towards metal-adducted sulfated N-linked glycans released from a 
glycoprotein, and to compare ECD fragmentation patterns from such branched molecules 
to those from IRMPD.  Divalent metal cations including Ca2+, Co2+, and Mg2+ were 
selected as cationizing agents and comparisons were made to determine which metal 
cation provides the most structural information from IRMPD and ECD.  N-linked 





2.2.1 Reagents   
Bovine thyroid stimulating hormone and peptide-N-glycosidase F (PNGase F) 
were purchased from Sigma Chemical Co. (St. Louis, MO).  CaCl2, CoBr2, MgBr2, 
NH4HCO3, and formic acid were obtained from Fisher (Fair Lawn, NJ).  SPE 
graphitized carbon column was purchased from Alltech Associates Inc. (Deerfield, IL).  
ZrO2 microtips were obtained from Glygen Corp. (Columbia, MD).  
2.2.2 Preparation of N-linked Glycans   
Bovine thyroid stimulating hormone was denatured at 100 oC for 5 min, then 
digested with PNGase F (2U) in 50 mM NH4HCO3 (pH 8) overnight at 37 oC.  The 
reaction was halted by heating at 100 oC for 5 min.  
2.2.3 Purification and Enrichment of N-glycans   
The released glycans were purified by SPE graphitized carbon column, and then 
enriched using ZrO2 microtips.  For each sample, a carbon cartridge was washed with 
0.1% (v/v) formic acid in 80% acetonitrile/H2O (v/v), followed by deionized water.  The 
solution containing N-glycans was then loaded followed by washing with deionized water 
to remove salts and other contaminants.  The glycans were eluted with 0.1% formic acid 
(v/v) in 20% acetonitrile/H2O (v/v), the resulting solution was dried down in a vacuum 
concentrator (Eppendorf, Hamberg, Germany), reconstituted in 3.3% formic acid 
(binding solution), and loaded onto ZrO2 microtips equilibrated with the same binding 
solution.  Unbound glycans were removed with H2O (washing solution), and bound 
sulfated glycans were eluted with 1% piperidine.  The eluted solution was dried down 
and mixed with CaCl2, CoBr2, or MgBr2 (final concentration 30-40 μM) in 50% 
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methanol/H2O (v/v) for mass spectrometry analysis.   
2.2.4 Mass Spectrometry 
All mass spectra were collected with an actively shielded 7-T FT-ICR mass 
spectrometer with a quadrupole front-end (APEX-Q, Bruker Daltonics, Billerica, MA), as 
previously described.56  An indirectly heated hollow dispenser cathode was used to 
perform ECD.57  IRMPD was performed with a vertically mounted 25 W, 10.6 μM CO2 
laser (Synrad, Mukilteo, WA).  Samples were infused via an Apollo II electrospray ion 
source at a flow rate of 70 μL/h with the assistance of N2 nebulizing gas.  Following ion 
accumulation in the first hexapole for 0.05 s, ions were mass selectively accumulated in 
the second hexapole for 1-4 s.  Ions were then transferred through high voltage ion 
optics and captured with dynamic trapping in an Infinity ICR cell.58  The accumulation 
sequence up to the ICR cell fill was looped 4-6 times to optimize precursor ion signal to 
noise (S/N) ratio.  For ECD, the cathode heating current was kept constant at 1.8 A and 
the cathode voltage was pulsed during the ECD event to a bias voltage of - 0.1 to - 1.0 V 
for 50 ms to generate low energy electrons.  IRMPD was performed with a laser power 
of 10 W and with firing times ranging from 40-100 ms.  For activated-ion ECD 
(AI-ECD), N-glycan ions were heated with a 10 W, 20-25 ms IR laser pulse prior to 
electron irradiation to destroy intramolecular non-covalent interactions.59   
2.2.5 Data Analysis 
All mass spectra were acquired with XMASS software (Bruker Daltonics) with 
256 data points from m/z 100 to 2000 and summed over 40-64 scans. Data processing 
was performed with MIDAS software.60  Data were zero filled once, Hanning apodized, 
and exported to Microsoft Excel for internal frequency-to-mass calibration with a 
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two-term calibration equation.61  Product ion spectra were interpreted with the aid of the 
web application GlycoFragment (www.dkfz.de/spec/projekte/fragments/).62  Product 
ions were not assigned unless the S/N ratio was at least 3.  
2.3 Results and Discussion 
All product ions are labeled according to the Domon and Costello nomenclature.22  
Subscript numerals indicate where cleavage occurred and superscript numerals indicate 
where cross-ring cleavage occurred.  When more than one product assignment was 
possible, all assignments are listed.  Internal fragments are indicated by parentheses (e.g., 
Z4β/C5).  For branched oligosaccharides, the letter α represents the largest branch, the 
letter β represents the second largest branch, and the letter γ represents the third largest 
branch.  N-linked oligosaccharides on bovine TSH were previously examined by Green 
and co-workers by NMR.63  The three N-linked glycans investigated here, indicated as 
glycan 1, glycan 2 and glycan 3, respectively, are shown in Figure 2.1.  Product ions 
bearing a calcium cation as charge carrier are denoted with a superscript Ca (e.g., C4Ca).  
Product ions which underwent sulfate loss are underlined (e.g., Y3αCa).  All three glycans 
are sulfated hybrid-type11 N-glycans.   
 
 
Figure 2.1.  N-linked glycans released from bovine thyroid stimulating 
hormone.      : mannose,    : N-acetylglucosamine (GlcNAc),   : fucose,    :  








2.3.1 Fragmentation Behavior of Glycan 1 with Different Metal Adducts in IRMPD 
and ECD   
 
All selected precursor ions were triply charged with two divalent metal cations 
(Ca2+, Co2+, or Mg2+) binding to the glycan.  Fragmentation patterns of metal-adducted 
glycan 1 were shown in Figure 2.2.   
Abundant signals were observed for calcium-adducted glycans (M + 2Ca - H)3+, 
indicating that calcium salt is highly effective in ionizing carbohydrates.36,38  IRMPD of 
Ca2+-adducted glycan 1 (Figure 2.2a) generated glycosidic cleavages between every 
neighboring monosaccharide, providing rich information regarding sequence and 
monosaccharide composition.  Sulfate loss was commonly observed in the spectrum 
(Figure 2.3a), thus information regarding sulfate location was absent.  Several ions 
cannot be distinguished based on their accurate masses, such as Z4α or (B4 - SO3) and Y4α 
or (C4 - SO3).  Therefore, both possibilities are included in Figure 2.3a.  Several 
internal fragments resulting from more than one glycosidic cleavage were also generated, 
such as (Man)4(GlcNAc)Ca.  Such internal fragments provide additional structural 
information, but also complicate the spectra.  Five cross-ring cleavages were observed 
following IRMPD, including 2,4A2α, 0,4A3, 0,2A4, 1,4A4, and 0,2X1.  0,2A, 0,4A, and 2,4A-type 
ions were previously found in CAD and IRMPD (low-energy fragmentation techniques) 
spectra of glycans.34,42,43,53  The 0,2A4 and 1,4A4 fragments at the branching point aid the 
determination of the positions of the glycan antennae.  X-type ions can be generated by 
high-energy CAD46-48 and 157 nm photodissociation41,49,50 of oligosaccharides, but are 



















































(e) Mg - IRMPD
 
Figure 2.2.  Fragmentation patterns of metal-adducted N-linked glycan 1: (a) IRMPD of 
calcium adduct (40 scans, 50 ms irradiation, 10 W laser power); (b) ECD of calcium 
adduct (40 scans, 80 ms electron irradiation with a bias voltage of – 0.2 V); (c) IRMPD 
of cobalt adduct (40 scans, 40 ms irradiation, 10 W laser power); (d) AI-ECD of cobalt 
adduct (40 scans, 15 ms irradiation with 10 W laser power, 80 ms electron irradiation 
with a bias voltage of – 0.15 V); (e) IRMPD of magnesium adduct (40 scans, 50 ms 
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Figure 2.3.  FT-ICR tandem mass spectra of metal-adducted N-linked glycan 1: (a) 
IRMPD of calcium adduct (40 scans, 50 ms irradiation, 10 W laser power); (b) ECD of 
calcium adduct (40 scans, 80 ms electron irradiation with a bias voltage of – 0.2 V); (c) 
IRMPD of cobalt adduct (40 scans, 40 ms irradiation, 10 W laser power); (d) AI-ECD of 
cobalt adduct (40 scans, 15 ms irradiation with 10 W laser power, 80 ms electron 
irradiation with a bias voltage of – 0.15 V); (e) IRMPD of magnesium adduct (40 scans, 
50 ms irradiation, 10 W laser power).  Product ions are underlined if they underwent 
sulfate loss.  Assignments indicated in bold are cross-ring product ions.  * denotes 
electronic noise. 
Figure 2.2b shows the fragmentation pattern of sulfated glycan 1 following ECD.  
All product ions were even-electron ions.  Charge-reduced species were not detected, 
instead proton-stripped species were observed, resulting from gain of an electron by 
precursor ions and loss of hydrogen.  Product ions corresponding to proton-stripped 
species and neutral loss from the proton-stripped species were the most abundant peaks in 
the spectrum.  The sulfate group was retained in all product ions, demonstrating the 
ability of ECD to retain labile groups.  ECD is well-known to have the ability to retain 










































to IRMPD, several additional cross-ring cleavages were observed.  The product ion at 
m/z = 848.7, labeled as loss of 101 Da from the proton-stripped species, can be assigned 
to several 1,3A-type ions sharing the same m/z, including 1,3A1α, 1,3A2α, 1,3A5, or 1,3A6.  
The combination of 1,3A and 2,4A-type ions from both IRMPD and ECD determines the 
linkage position of the non-reducing end GlcNAc as the C4-position (1,3A2α and 2,4A2α).  
Overall, the combination of IRMPD and ECD of the calcium-adducted N-glycan 
provided extensive structural information.   
The IRMPD and ECD fragmentation patterns of the (M + 2Co – H)3+ form of 
glycan 1 are shown in Figures 2.2c and 2.2d, respectively.  Compared to the 
calcium-adducted species, cobalt adducts generated weaker signal and only one 
glycosidic cleavage was observed following IRMPD.  However, several diagnostic 
cross-ring cleavage product ions were found only from the cobalt-adducted precursor ion, 
such as 1,3A3α, 1,3A4, and 2,4A6.  The two product ions (0,2A4 and 1,3A4) at the branching 
point of the tri-mannose core aid determination of the position of the 3-antenna.  This 
fragmentation pattern is in accordance with an earlier study by Leary and co-workers, 
who examined the dissociation pathways of Ca2+-, Co2+-, and Mn2+-coordinated 
oligosaccharides, and found that Co2+-coordinated species exhibited unique 
fragmentation patterns.38  In ECD, cobalt adducts yielded three additional glycosidic 
cleavages (C3α, B5, and C5) and several additional cross-ring cleavages compared to 
IRMPD.  The peak denoted as B5 – 57 Da (m/z = 779.2) likely corresponds to loss of 
C2H3NO from N-acetylglucosamine (supplementary Figure 2.1d).  Similar to the 
calcium adducts, loss of 101 Da from the precursor ion was also observed.  The 
combination of 1,3A6 and 2,4A6 from ECD of cobalt-adducted glycan 1 determines the 
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linkage position of the GlcNAc at the reducing end.  Cross-ring product ions are helpful 
in linkage type determination, particularly the ones occurring at the branching points.  
However, the lack of sufficient glycosidic cleavages made the sequencing of this glycan 
difficult.  Therefore, cobalt adducts are not as effective as calcium adducts in achieving 
extensive structural characterization of sulfated N-glycan 1 from IRMPD and ECD.   
IRMPD and ECD were also performed for magnesium-adducted glycan 1 (M + 
2Mg – H)3+.  Following IRMPD, glycosidic cleavages between every neighboring 
monosaccharide, and five cross-ring cleavages were observed (Figure 2.2e).  Among the 
five cross-ring cleavages, three were unique in the IRMPD spectrum of Mg2+-adducted 
glycan 1 with one of them at the branching point of the tri-mannose core.  When product 
ions cannot be distinguished based on their m/z ratio, all possible assignments are 
included.  For example, Z1 and B1α without a sulfate attached both correspond to the 
mass of a HexNAc.  Such ambiguous assignments are often a consequence of sulfate 
loss from B or C-type ions.  The latter loss was common in product ions generated by 
IRMPD.  However, all assignments in ECD spectra were unambiguous, because all 
product ions in ECD spectra retained the sulfate group.  
In contrast to calcium and cobalt adducts, ECD of Mg2+-adducted glycan 1 
provided very little structural information (data not shown).  Only the proton stripped 
species (M + 2Mg – 2H)2+ and loss of 42 Da from the proton stripped species were 
observed.  Loss of 42 Da likely corresponds to loss of a ketene molecule (CH2CO) from 
N-acetylglucosamine, as previously reported.51,53  We observed retention of the sulfate 
group in calcium and cobalt adducted N-glycans following ECD, while IRMPD of 
metal-adducted glycan 1 showed extensive sulfate loss (see supplementary Figures 2.1c 
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and 2.1e).  Therefore, magnesium adduction is not favored for glycan 1 due to the 
difficulty in achieving sulfate localization and unambiguous fragment assignments. 
We also attempted to ionize the N-glycan with other metal cations, such as Mn2+, 
Zn2+, Ba2+, and Al3+.  However, no metal-adducted glycan was observed in positive ion 
mode.  The lack of adduct formation may be attributed to the ionic radii and 
coordination numbers of different metal cations.38  In general, larger metal ions are not 
favored for glycan fragmentation, probably because it is difficult for large metal cations 
to assist charge-induced fragmentation.37,42  Harvey investigated the ability of divalent 
metal ions for ionizing carbohydrates, and found that calcium is most effective with 
magnesium and cobalt being somewhat less effective,36 in accordance with our 
observation.  Although cobalt-coordinated oligosaccharides have shown unique 
fragmentation pathways in CAD,38,39  it is not straightforward to form cobalt adducts 
with the sulfated N-glycan examined here compared to calcium adducts.  Also, few 
glycosidic cleavages were observed in both IRMPD and ECD spectra of the 
cobalt-adducted glycan.  Therefore, we focused on calcium adducts, due to the higher 
available signal, and the ability to generate extensive glycosidic and cross-ring cleavages 
in IRMPD and ECD. 
2.3.2 Fragmentation Behavior of Ca2+-adducted Glycan 2 in IRMPD and ECD 
IRMPD was performed of Ca2+-adducted sulfated glycan 2 (M + 2Ca - H)3+ 
(Figure 2.4a).  Glycosidic cleavages were generated between every neighboring 
monosaccharide unit with only one exception.  Most of the glycosidic cleavages resulted 
in B- and C-type ions with low molecular weight, indicating that fragmentation may 
occur from the non-reducing end of the N-glycan.  Four cross-ring fragments were seen 
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(0,2A2α, 2,4A2α, 0,2A2β, and 0,4A4) with one (0,4A4) at the tri-mannose core branching site, 
aiding determination of the branch position.  Sulfate loss was observed in most of the 
product ions, which precluded localization of the labile sulfate group.  It is difficult to 
localize where the two Ca2+ ions bind based on the product ion assignments.  Lebrilla 
and co-workers investigated the coordination of alkali metal ions to oligosaccharides by 
calculating multicollision dissociation threshold (MCDT) values and by molecular 
dynamics, and predicted that metal ions coordinate at or near glycosidic oxygen(s).37  
Most product ions bearing two calcium cations retained the sulfate group, whereas most 
product ions that lost the sulfate group bore only one calcium cation.  Therefore, we 
believe one of the Ca2+ ions likely binds to the acidic sulfate group, while the other one 
coordinates with one or more glycosidic oxygen(s). 
In the ECD spectrum of (M + 2Ca - H)3+ (Figure 2.4b), fewer fragments were 
observed compared to IRMPD, due to the lower fragmentation efficiency of ECD.57  
However, two product ions unique to ECD provided additional structural information 
compared to IRMPD.  In order to break non-covalent interactions within this N-glycan 
and thus improve fragmentation efficiency, AI-ECD59 was applied.  Following AI-ECD 
(Figure 2.4c), three additional product ions (B5, C2α, and 2,4A5) were detected compared 
to ECD alone, demonstrating improved fragmentation efficiency.  In contrast to IRMPD, 
ECD mainly produced large fragments containing the reducing end, indicating that 
charge neutralization occurs remote from the reducing end of the N-glycan.  Our 
previous study on model oligosaccharides showed similar fragmentation behavior.53  
Moreover, all product ions from AI-ECD were completely different from the ones 
observed in IRMPD, thereby generating complementary structural information (Schemes 
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2.1a and 2.1b).  The complementary capabilities of IRMPD and ECD for biomolecular 
structural analysis have previously been applied to a variety of biomolecules, including 
peptides,57,64 proteins,68 oligosaccharides,53-55 and oligonucleotides.24,69  Our results 
demonstrated that the combination of IRMPD and ECD is also a promising tool for 














Scheme 2.1.  Fragmentation patterns of Ca2+-adducted N-glycan 2: (a) IRMPD and (b) 
















(M + 2Ca - H)3+




























































































































































(M + 2Ca - 2H)2+























(M + 2Ca – H - 42)3+
(M + 2Ca - 2H)2+
(c) AI-ECD
 
Figure 2.4.  FT-ICR tandem mass spectra of Ca2+-adducted N-linked glycan 2.  (a) 
IRMPD (40 scans, 80 ms irradiation, 10 W laser power); (b) ECD (50 scans, 50 ms 
electron irradiation with a bias voltage of – 0.2 V); (c) AI-ECD (40 scans, 20 ms 
irradiation with 10 W laser power, 100 ms electron irradiation with a bias voltage of – 
0.25 V).  Product ions are underlined if they underwent sulfate loss.  The superscript 
‘Ca’ indicates product ions bearing a calcium cation.  Assignments indicated in bold are 
cross-ring product ions.  * denotes electronic noise. 
 
 
2.3.3 Fragmentation Behavior of Ca2+-adducted Glycan 3 in IRMPD and ECD 
IRMPD and ECD fragmentation patterns of calcium-adducted glycan 3 are shown 
in Figures 2.5a and 2.5b, respectively.  In the IRMPD spectrum, the most abundant 
fragment is assigned as Yγ2Ca (m/z = 545.8), corresponding to loss of a fucose residue 
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from the core structure.  The fucose glycosidic bond is highly labile.  Dominant fucose 
loss has been previously observed.70  Except for Yγ
2Ca, all other glycosidic cleavages 
resulted in B and C-type ions.  In addition to six glycosidic cleavages, three cross-ring 
cleavages were found, with one of them (0,4A4) occurring at the tri-mannose branching 
site.  This result verifies that IRMPD of sulfated N-glycans can provide rich structural 
information.   
Following ECD, the fragment corresponding to fucose loss was not detected.  In 
addition, sulfate loss from the product ions was absent.  The preservation of labile bonds 
demonstrates that ECD proceeds through a different mechanism compared to IRMPD and 
thus provides complementary structural information.  Similar to ECD of glycan 2, no 
charge-reduced species was found.  Instead, proton-stripped species and loss of 42 Da 
from the proton-stripped species were observed with high relative abundance.  
Compared to IRMPD, fewer product ions were observed.  However, the fragment at m/z 
737.7 (2,4A62Ca) was only found following ECD, demonstrating the ability of ECD to 
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Figure 2.5.  FT-ICR tandem mass spectra and fragmentation patterns of Ca2+-adducted 
N-linked glycan 3: (a) IRMPD of calcium adduct (30 scans, 50 ms irradiation, 10 W laser 
power); (b) ECD of calcium adduct (64 scans, 50 ms electron irradiation with a bias 
voltage of – 0.3 V). Product ions are underlined if they underwent sulfate loss.  






We have demonstrated the first application of metal-assisted ECD towards 
sulfated N-linked glycans released from glycoproteins.  Influence of different divalent 
metal cations such as Ca2+, Mg2+, and Co2+ was investigated, and calcium adducts were 
found as the most promising species, due to high signal abundance and ability to provide 
extensive glycosidic and cross-ring cleavages following both IRMPD and ECD.  
Co2+-adducted glycans generated some unique product ions.  However, in both IRMPD 
and ECD of cobalt-adducted species, cross-ring fragments were predominant and the lack 
of glycosidic cleavages significantly increased the difficulty of glycan sequencing.  
Mg2+-adducted glycans provided rich structural information following IRMPD, including 
both glycosidic cleavages and some cross-ring cleavages.  However, ECD of 
magnesium-adducted glycans generated few fragments, thus making sulfate localization 
difficult.  Therefore, we believe that calcium-assisted IRMPD and ECD provide the 
most structural information of sulfated N-glycans. 
IRMPD and ECD were applied to several sulfated N-linked glycans released from 
bTSH.  IRMPD of Ca2+-adducted glycans produced extensive glycosidic cleavages and 
several cross-ring cleavages at the branching point.  However, most product ions 
underwent sulfate loss.  Therefore, it is difficult to determine the position of the sulfate 
group.  ECD of Ca2+-adducted glycans yielded unique product ions in comparison to 
IRMPD, thus providing complementary structural information.  Moreover, all product 
ions observed in ECD spectra retained the sulfate group, which is crucial to sulfate 
localization.  The complementary ability of IRMPD and ECD makes the combination of 
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Electron Transfer Dissociation (ETD) vs. Electron Capture Dissociation 
(ECD) of Metal-adducted Oligosaccharides 
 
3.1 Introduction 
Glycans and glycoconjugates are prevalent in biological systems.  About 50% of 
the proteins in mammalian cells are glycosylated and their glycosylation has been linked 
to various biological activities, including cell-cell interactions, immune responses, and 
different disease states.1-6  Despite the crucial roles glycosylation play, structural 
elucidation of glycans and glycoconjugates is underrepresented compared to linear 
biomolecules such as proteins, peptides, and nucleic acids due to the highly diverse 
structures of glycans.  Glycans are synthesized by a variety of glycosyltransferases in a 
non-template driven manner.  Complete characterization of glycans requires information 
regarding monosaccharide composition, linkage, degree of branching, and anomeric 
configuration.  Traditionally, exoglycosidase digestion, nuclear magnetic resonance 
(NMR) spectroscopy, X-ray crystallography, and gas chromatography/mass spectrometry 
(GC/MS) have all been used for structural analysis of glycans.7  However, the sensitivity 
of these methods does not fulfill the need of current glycomics and glycoproteomics.   
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Mass spectrometry (MS) is an important tool to characterize glycans due to its 
high sensitivity and ability to provide accurate results.7-10  Particularly, Fourier transform 
ion cyclotron resonance mass spectrometry (FT-ICR MS)11,12 offers ultrahigh mass 
accuracy and high resolution, and the availability of various tandem mass spectrometric 
techniques (MS/MS).13  Even though oligosaccharide profiling can be achieved by MS 
with high mass accuracy, detailed structural information of oligosaccharides still requires 
MS/MS due to their structural complexity.  A variety of MS/MS approaches have been 
applied for oligosaccharide structural characterization, including collision activated 
dissociation (CAD),14-16 infrared multiphoton dissociation (IRMPD),17-19 high energy 
CAD (HeCAD),20-22 electron capture dissociation (ECD),23-27 electron detachment 
dissociation (EDD),28-33 negative electron transfer dissociation (NETD),34 157 nm laser 
photodissociation,35-37 and electron induced dissociation (EID).38  
There are two types of cleavages in MS/MS of oligosaccharides.39  Glycosidic 
cleavages occur between monosaccharides and provide information regarding 
monosaccharide composition and sequence.  Cross-ring cleavages occur across sugar 
rings, and provide information indicating linkage type.  Collision activated dissociation is 
the most widely used MS/MS technique.  In positive-ion mode, CAD of protonated 
oligosaccharides mostly generates glycosidic cleavages such as B- and Y-type ions.8,9  
CAD of metal-adducted oligosaccharides has been investigated both by experimental and 
computational approaches, and the results demonstrated that metal-adducted 
oligosaccharides undergo different dissociation pathways compared to their protonated 
counterparts, generating more A-type cross-ring cleavages.40-46  In particular, divalent 
metal cations such as Ca2+, Co2+, and Mg2+ have received increasing attention due to the 
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high efficiency in aiding ionization of oligosaccharides and the ability to provide more 
cross-ring cleavages.41,43-45  However, CAD is a “slow-heating” technique, which 
preferably cleaves the weakest bonds in the gas phase.  Therefore, CAD of acidic 
oligosaccharides such as sulfated and sialylated species, often generate product ions with 
loss of labile acidic groups, thus providing insufficient glycan sequence information.   
ECD47 and ETD48 are more recently developed dissociation techniques, which can 
provide complementary information compared to traditionally used CAD.49-54  In ECD, at 
least doubly positively charged precursor ions are irradiated with low energy (<1 eV) 
electrons, generating charge-reduced radical species from electron capture and product 
ions from radical-driven fragmentation.47  ETD was first introduced in a radio-frequency 
linear quadruple ion trap to characterize peptides,48 and later implemented on orbitrap 
and FT-ICR instruments.55,56  In ETD, anion radicals transfer electrons to polycations, 
and induce fragmentation similar to that observed in ECD.   
ECD and ETD have been widely utilized to analyze proteins and peptides, and are 
particularly powerful for characterization of protein post-translational modifications, such 
as phosphorylation, glycosylation, methylation, acetylation, and disulfide bonds.54,57-70  
However, the application of ion-electron and ion-ion reactions towards structural 
characterization of oligosaccharides has just begun to emerge.  ECD was first applied to 
analyze aminoglycans, which could easily form multiply positively charged precursor 
ions.25  Several groups have utilized metal cations to aid the generation of multiply 
charged precursor ions, which are required for ECD.23,24  Our group examined complexes 
formed between model oligosaccharides and alkali, alkaline earth, and transition metals 
by ECD and IRMPD (CAD) and observed complementary fragmentation patterns from 
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those species.24  O’Connor and co-workers explored CAD and hot ECD (i.e., ECD with 
~10 eV electrons)71 of sodiated permethylated oligosaccharides, and observed 
complementary fragmentation patterns for branched N-linked glycans.23  Here, we 
investigate ECD and ETD of metal-adducted oligosaccharides, and compare the 
fragmentation behaviors of these two approaches. 
3.2 Experimental 
3.2.1 Sample Preparation 
2 µM p-lacto-N-hexaose (pLNH), or lacto-N-difucohexaose (LNDFH), or an 
asialo N-linked glycan (NA2) (V-labs Inc, Covington, LA), were mixed with 8 µM cobalt 
bromide (Fisher, Fair Lawn, NJ) in 50% methanol/H2O (v/v) for mass spectrometry 
analysis. 
3.2.2 FT-ICR Mass Spectrometry 
All mass spectra were collected with an actively shielded 7-T FT-ICR mass 
spectrometer with a quadrupole front-end (Solarix, Bruker Daltonics, Billerica, MA).  An 
indirectly heated hollow dispenser cathode was used to perform ECD.72  Samples were 
infused via an electrospray ion source at a flow rate of 70 μL/h with the assistance of N2 
nebulizing gas.  Following ion accumulation in the front octopole for 0.05 s, ions were 
mass selectively accumulated in a hexapole collision cell for 0.5 - 1 s.  Ions were then 
transferred through a transfer hexapole and captured with sidekick trapping in an Infinity 
ICR cell.73  The accumulation sequence up to the ICR cell fill was looped 3 times to 
optimize precursor ion signal to noise (S/N) ratio.  External CAD was performed in the 
hexapole collision cell following mass selective ion accumulation with argon as collision 
gas.  For ECD, the cathode heating current was kept constant at 1.6 A and the cathode 
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voltage was pulsed during the ECD event to a bias voltage of - 1.0 V for 200 - 300 ms to 
generate low energy electrons.  For ETD, ETD reagent (fluoranthene, Sigma-Aldrich, St. 
Louis, WO) anions were produced externally in the CI source, admitted to the collision 
cell for 300 - 500 ms, and allowed to react with the precursor ions for 300 - 500 ms. 
3.2.3 Data Analysis 
All mass spectra were acquired with SolarixControl software (Bruker Daltonics) 
with 256 data points from m/z 100 to 2000 and summed over 50 - 80 scans. Data 
processing was performed with Data Analysis software (Bruker Daltonics).  Calibration 
was performed by the Internal Calibration function in Data Analysis software.  Product 
ion spectra were interpreted with the aid of GlycoWorkbench software.74  Product ions 
were not assigned unless the S/N ratio was at least 3. 
3.3 Results and Discussion 
MS/MS spectra were assigned based on the Domon and Costello nomenclature.39  
Glycosidic cleavages generate B-, C-, Y-, Z-type ions and cross-ring cleavages yield A- 
and X-type ions.  When more than one product assignment was possible based on the m/z 
value, all assignments are listed.  For branched oligosaccharides, the letter α represents 
the largest branch and the letter β represents the second largest branch. 
3.3.1 MS/MS of pLNH 
pLNH is a linear oligosaccharide with the composition 
Galβ3GlcNAcβ3Galβ4GlcNAcβ3Galβ4Glc.  Figure 3.1 displays ECD, ETD, and CAD 
spectra of cobalt-adducted pLNH.  Doubly charged pLNH ((M + Co)2+) underwent 
extensive fragmentation in ECD (Figure 3.1a), generating five glycosidic and nine cross-
ring cleavages, including 0,2A-, 0,3A-, 1,4A-, 2,4A-, and 3,5A-type ions.  Leary and co-
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workers investigated the influence of cobalt adducts in CAD fragmentation and found 
that cobalt cations promoted cross-ring fragmentation.41,45  In ECD, all product ions were 
singly charged (as expected), and most of them bore the cobalt cation.  The charge-
reduced species was not observed.  Instead, the “proton-stripped” species (M + Co - H)+ 
was detected, which has been previously reported for ECD of metal-adducted 
oligosaccharides.24  The Y4 ion (m/z = 765.17) was the most abundant species in the 
spectrum. 
ETD of cobalt-adducted pLNH showed similar fragmentation pathways compared 
to ECD (Figure 3.1b): almost all product ions detected in ETD were also observed in 
ECD, with C4 ions constituting an exception.  It is noteworthy that the proton-stripped 
species (M + Co - H)+ in the ETD spectrum had a relative abundance of 80%, which is 
comparable to the precursor ion (M + Co)2+, while the same species in ECD was only 
2.5%.  Three glycosidic cleavages and three cross-ring cleavages were observed in ETD 
but the most abundant product ion was Y4 – 16 Da (or Z4 + 2H)33 instead of Y4.  This ion 
was unique to ETD of pLNH.  Y – 16 Da fragments have previously been reported in 
EDD spectra of oligosaccharides and glycosaminoglycans (GAGs), but they are not 
frequently observed in ECD.28-33,75  Several peaks in the ETD spectrum could not be 
assigned.  Those peaks were not present in the ECD spectrum, suggesting unique 
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Figure 3.1.  FT-ICR tandem mass spectra of Co2+-adducted pLNH.  (a) ECD (60 scans, 
80 ms electron irradiation with a bias voltage of – 1.0 V); (b) ETD (60 scans, 400 ms 
reagent accmulation time and 400 ms reaction time); (c) CAD (60 scans, collision voltage 
6.0 V).  Product ions are underlined if they lack a cobalt cation.  Fragmentation patterns 
from ECD, ETD, and CAD are summarized at the bottom.  If more than one assignment 
was possible, the alternative one is indicated in brackets (for spectra only).  Squares 
indicate water loss from the adjacent product ion.  ν3 indicates the third harmonic peak of 
the precursor ion. 
 
 
The fragmentation behavior in CAD of the same species was significantly 
different from ECD and ETD.  Eleven glycosidic and eleven cross-ring fragments were 
observed, including several doubly charged species.  Series of B-, C-, 0,2A-, and 2,4A-type 
ions were observed, providing rich structural information both regarding oligosaccharide 
sequence and linkage type.  Compared to CAD, ECD yielded several unique cross-ring 
fragment ions, including 3,5A4, 2,4A6, and 0,3A6 ions.  In all three dissociation techniques, 





3.3.2 MS/MS of LNDFH 
LNDFH is a branched oligosaccharide with the composition 
Galβ3(Fucα4)GlcNAcβ3Galβ4Glc.  ECD and ETD fragmentation patterns are compared 
in Figure 3.2.  ECD of cobalt-adducted doubly charged LNDFH yielded seven glycosidic 
cleavages and four cross-ring cleavages.  Glycosidic fragments between every 
neighboring monosaccharide were observed, providing extensive structural information 
regarding monosaccharide composition and sequence.  All product ions were singly 
charged and contained the cobalt cation.  Fucose losses from the precursor ion, glycosidic 
fragments, and cross-ring fragments were abundant in the ECD spectrum.76  This 
observation may be attributed to the high secondary ionization potential of cobalt.43 
ETD of the same species is displayed in Figure 3.2b.  Again, the fragmentation 
patterns from ETD and ECD are similar, yielding seven glycosidic and two cross-ring 
cleavages.  Most product ions were observed between m/z 500 and 1000, and only one 
product ion was observed in the low m/z range (400 - 500) in the ETD spectrum.  In 
contrast, more product ions from ECD fragmentation were detected between m/z 400 and 
500, most of which were unique to ECD, such as 1,3A3, 1,4X2, B3 – fucose, and C3 – 
fucose.  This phenomenon may be attributed to the time-of-flight effect in FT-ICR 
MS,77,78 which arises from the fact that ions generated in the hexapole collision cell need 
to travel a certain distance prior to entering the detector, while those generated in the ICR 
cell do not.  Similar to MS/MS of pLNH, the proton-stripped species of LNDFH was of 
low abundance in ECD, while the same species had a relative abundance of 45 % in ETD.  
This observation indicates that additional activation may be required for successful ETD 
to enhance the generated structural information.  
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Figure 3.2.  FT-ICR tandem mass spectra of Co2+-adducted LNDFH.  (a) ECD (50 scans, 
200 ms electron irradiation with a bias voltage of – 1.0 V); (b) ETD (50 scans, 500 ms 
reagent accmulation time and 500 ms reaction time).  Product ions are underlined if they 
lack a cobalt cation.  Fragmentation patterns from ECD and ETD are summarized at the 
bottom.  If more than one assignment was possible, the alternative one is indicated in 





3.3.3 MS/MS of NA2 
NA2 is a branched asialo N-linked glycan (see Figure 3.3 for structure).  ECD and 
ETD demonstrated drastically different fragmentation behaviors.  ECD of cobalt-
adducted doubly charged NA2 induced extensive fragmentation, and produced nine 
glycosidic and four cross-ring product ions (Figure 3.3a).  Glycosidic cleavages between 
every adjacent monosaccharide provided extensive information regarding glycan 
sequence, and cross-ring cleavages aided the determination of linkage types.  In addition, 
Y – 16 Da (Z + 2H) ions, loss of 42 Da from glycosidic fragments, and internal fragments 
were observed in the ECD spectrum.  Loss of 42 Da likely corresponds to loss of a ketene 
molecule (CH2CO) from N-acetylglucosamine, as previously reported.24,25  ETD of the 
same species only yielded one glycosidic fragment (Y4, m/z = 1333.39), demonstrating a 
significantly different fragmentation pattern (Figure 3.3b).  When increasing the ETD 
reagent accumulation time and ETD reaction time, the abundance of the proton-stripped 
species increased, however, no additional fragments were observed.  This phenomenon is 
further discussed below. 
For comparison, CAD of the same species was also investigated and the 
fragmentation pattern is displayed in Figure 3.3.  CAD generated ten glycosidic and five 
cross-ring cleavages.  Compared to CAD, ECD yielded three unique product ions, 
including Y5, 0,2A5, and 1,4X3 ions.  The Y5 ion determined the glycan sequence to be 
(Hex)(HexNAc) rather than (HexNAc)(Hex) from the non-reducing end, and the two 
cross-ring cleavages aided the determination of glycan linkage type.  Therefore, ECD is a 
valuable tool for glycan structural analysis due to its ability to provide complementary 
structural information compared to CAD. 
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Figure 3.3.  FT-ICR tandem mass spectra of Co2+-adducted NA2.  (a) ECD (80 scans, 
300 ms electron irradiation with a bias voltage of – 1.0 V); (b) ETD (80 scans, 500 ms 
reagent accmulation time and 500 ms reaction time).  Product ions are underlined if they 
lack a cobalt cation.  Fragmentation patterns from ECD, ETD, and CAD are summarized 
at the bottom.  If more than one assignment was possible, the alternative one is indicated 
in brackets (for spectra only).  Squares indicate water loss from adjacent product ions.  
Fragments highlighted in red are unique to ECD. 
 
3.3.4 ECD vs. ETD of Metal-adducted Oligosaccharides 
In general, ECD and ETD of proteins and peptides result in similar fragmentation 
pathways.49-54  Both ECD and ETD fragmentation efficiency improve with higher 
precursor ion charge state.79-82  Furthermore, due to generation of fewer backbone c and 
z• ions, lower charge state precursor ions tend to yield more non-dissociative electron 
capture or electron transfer species for proteins and peptides.81  This phenomenon is in 
accordance with our observation for the cobalt-adducted oligosaccharides.  For all three 
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oligosaccharides examined, abundant proton-stripped species were observed in ETD 
without further dissociation.  For smaller oligosaccharides, the difference between ECD 
and ETD fragmentation patterns was less distinct.  For the larger oligosaccharide NA2, 
ECD generated extensive fragmentation while ETD only generated the non-dissociated 
electron transfer species.  This behavior may be attributed to the different pressure during 
ECD and ETD events.  ECD occurs at ultrahigh vacuum in the ICR cell, at a pressure of 
less than 10-9 Torr.  ETD occurs at relativity high pressure (~ 10-3 Torr), and thus the 
precursor ions are in a less “activated” state than in ECD due to pressure cooling effects.  
Therefore, the energy deposited through Coulomb relaxation upon electron 
capture/transfer may not be sufficient to fragment large oligosaccharides such as NA2.  In 
contrast, because the precursor ions in ECD are more “activated” due to lack of a cooling 
mechanism in the ICR cell, dissociation of the oligosaccharide can still occur. 
3.4 Conclusions 
We investigated ECD and ETD of metal-adducted oligosaccharides, and 
compared the fragmentation patterns from these two radical-driven dissociation 
techniques.  For doubly charged small oligosaccharides, ECD and ETD fragmentation 
patterns were similar, both generating glycosidic and cross-ring cleavages.  For a doubly 
charged N-linked glycan, ECD yielded extensive fragment, providing rich structural 
information regarding glycan sequence and linkage type.  In contrast, ETD only 
generated extensive proton-stripped species and one glycosidic cleavage with low 
abundance.  The significant difference in fragmentation behaviors may be attributed to 
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The biological significance of glycoproteins and glycoconjugates is well 
established.  Glycosylation plays important roles in protein folding, cell adhesion, cell 
signaling, molecular trafficking, and receptor activation.1-6  Aberrant protein 
glycosylation and alterations of glycan structures have been demonstrated to correlate 
with cancer and other diseases.7-9  However, structural characterization of an 
oligosaccharide on a specific glycoconjugate is still far from routine.  Because 
oligosaccharides are assembled in a non-template driven, step-wise manner by various 
glycosyltransferases and glycosidases,7 highly diverse structures are frequently observed 
for oligosaccharides.  Mass spectrometry (MS) has become an indispensable tool for 
glycan structural elucidation based on tandem mass spectrometry (MS/MS).10-15  
MS/MS spectra of oligosaccharides mainly consist of two types of product ions: 
glycosidic cleavages between monosaccharides and cross-ring cleavages across sugar 
rings.16  Glycosidic cleavages provide information regarding monosaccharide 
composition, while cross-ring cleavages aid the determination of saccharide linkage type, 
particularly when occurring at branching residues.   
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Many N-linked glycans contain sialic acids (e.g., N-acetyl neuraminic acid, 
NeuAc), which carry a carboxylic acid group at the C-1 position.  Due to the negative 
charge of this acidic group, sialic acids are labile,17 particularly in positive-ion mode 
matrix-assisted laser desorption/ionization (MALDI).18,19  Chemical derivatization (such 
as permethylation, methylesterification, and amidation) of sialylated oligosaccharides 
have been shown to aid the retention of the labile acidic group, and also enable 
differentiation of structural isomers.20-24  However, derivatization approaches may suffer 
from sample loss and nonspecific modification at sites other than sialic acids.23  It has 
been demonstrated that oligosaccharides ionized with alkali, alkaline earth, and transition 
metals often generate more cross-ring cleavages than their protonated counterparts 
following collision activated dissociation (CAD).25-28  Metal cations and metal ligands 
also help stabilize acidic groups, such as sulfate groups and sialic acids in glycans and 
peptides.29-33   
Compared to cations, fragmentation of oligosaccharide anions is not as frequently 
employed in mass spectrometry.  The acidic group makes native sialylated glycans 
highly suitable for negative ion mode analysis.  Abundant signal is often observed and 
differentiation of structural isomers has also been reported.34-36  Zaia and co-workers 
explored the influence of sialylation in CAD of glycan anions, and found that more 
energy was required to fragment native sialylated glycans compared to the corresponding 
asialo species and to nitrate adducts.37   
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has 
become widely practiced due to its high resolution and high mass accuracy, and its ability 
to apply various MS/MS techniques.38,39  In addition to conventional vibrational 
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excitation (i.e.,CAD), infrared multiphoton dissociation (IRMPD),18,40,41 high energy 
CAD,42-44 electron capture dissociation (ECD),24,31,32,45,46 electron detachment 
dissociation (EDD),47-52 negative electron transfer dissociation (NETD),53 157 nm laser 
photodissociation,54-56 and electron induced dissociation (EID)57 have been utilized for 
glycan structural characterization.  IRMPD has a higher fragmentation efficiency 
compared to CAD because multiple fragmentation events may occur during the IRMPD 
process.18  IRMPD is particularly advantageous for fragmenting large ions, because 
IRMPD fragmentation efficiency increases with increasing glycan size.41  High energy 
CAD and 157 nm laser photodissociation yield extensive cross-ring cleavages.43,55  
However, application of high energy CAD is limited to MALDI TOF/TOF and sector 
instruments.  In addition, significant ion scattering occurs, which limits sensitivity.  
ECD was first applied to protonated aminoglycans, and yielded mostly glycosidic 
cleavages.45  In Chapter 2, we explored the application of metal-assisted ECD to model 
oligosaccharides and to sulfated glycans released from a glycoprotein, and found that 
ECD generates complementary structural information compared to IRMPD.31,32  The 
ability of ECD and CAD to provide complementary results for branched permethylated 
oligosaccharides was also demonstrated by O’Connor and co-workers.24 
EDD is a relatively new fragmentation technique, introduced in 2001.58  In EDD, 
polyanions are irradiated by high energy electrons (>10 eV) to form electron deficient 
radical ions, followed by subsequent fragmentation.  EDD has been applied to neutral 
and sialylated oligosaccharides as well as to glycosaminoglycans (GAGs),47-51 and shown 
to generate extensive glycosidic and cross-ring cleavages, with some product ions being 
unique to EDD.  Compared to IRMPD, EDD produces more extensive fragmentation, 
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and has been used to distinguish the isomeric glucuronic from iduronic acid in GAGs.48  
However, previous work mainly focused on model oligosaccharides and shorter GAGs.  
Here, we investigate the first application of EDD and metal-assisted ECD towards 
sialylated N-linked glycans released from glycoproteins, and compare the fragmentation 
patterns to those from IRMPD in both positive- and negative-ion mode.   
4.2 Experimental 
4.2.1 Reagents   
Human apo-transferrin, fetuin from fetal calf serum, α1-acid glycoprotein from 
human plasma, 1,4-dithio-DL-threitol (DTT), iodoacetamide and SPE graphitized carbon 
columns were purchased from Sigma Chemical Co. (St. Louis, MO).  
Peptide-N-glycosidase F (PNGase F) was purchased from EMD Chemicals, Inc. 
(Gibbstown, NJ).  CaCl2, NH4HCO3, and formic acid were obtained from Fisher (Fair 
Lawn, NJ).   
4.2.2 Preparation of N-linked Glycans   
Glycoproteins were reduced in 5 mM DTT at 56 oC for 45 min, alkylated with 15 
mM iodoacetamide in the dark at room temperature for 1 h, and digested with PNGase F 
(2 U) in 50 mM NH4HCO3 (pH 8) overnight at 37 oC.   
4.2.3 Purification and Enrichment of N-glycans   
Released glycans were purified by SPE graphitized carbon columns.  For each 
sample, a carbon cartridge was washed with 0.1% (v/v) formic acid in 80% 
acetonitrile/H2O (v/v), followed by deionized water.  The solution containing N-glycans 
was slowly loaded.  The cartridge was then washed by deionized water to remove salts 
and other contaminants.  The glycans were eluted with 0.1% formic acid (v/v) in 20% 
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acetonitrile/H2O (v/v).  The solution was then dried down in a vacuum concentrator 
(Eppendorf, Hamberg, Germany).  For positive-ion mode analysis, the glycans were 
mixed with CaCl2 (final concentration 20-40 μM) in a 50% methanol/H2O (v/v) solution.  
For negative ion mode analysis, the glycans were reconstituted in 50% methanol, 0.1% 
NH4OH (v/v) solution.   
4.2.4 Mass Spectrometry   
All mass spectra were collected with an actively shielded 7 T FT-ICR mass 
spectrometer with a quadrupole front-end (APEX-Q, Bruker Daltonics, Billerica, MA), as 
previously described.59  An indirectly heated hollow dispenser cathode was used to 
perform ECD.60  IRMPD was performed with a vertically mounted 25 W, 10.6 μM CO2 
laser (Synrad, Mukilteo, WA).  Samples were infused via an Apollo II electrospray ion 
source at a flow rate of 70 μL/h with the assistance of N2 nebulizing gas.  Following ion 
accumulation in the first hexapole for 0.05 s, ions were mass selectively accumulated in 
the second hexapole for 1-6 s.  Ions were then transferred through high voltage ion 
optics and captured with dynamic trapping in an Infinity ICR cell.61  The accumulation 
sequence up to the ICR cell fill was looped 3 times to optimize precursor ion signal to 
noise (S/N) ratio.  For regular ECD and hot ECD, the cathode heating current was kept 
at 1.8 A, and the cathode voltage was pulsed during the ECD event to a bias voltage of - 
0.1 to - 1.0 V for 50 ms to generate low energy electrons, and to a bias voltage of - 10.0 
V for 45 ms to generate high energy electrons.  For EDD, the cathode heating current 
was kept at 2.0 A, and the cathode voltage was pulsed to - 30 to - 35 V for 1 s.  IRMPD 
was performed with a laser power of 10 W and with firing times ranging from 40-180 ms.  
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For activated-ion ECD (AI-ECD), ions were heated with a 10 W, 20-25 ms IR laser pulse 
prior to electron capture to destroy intramolecular non-covalent interactions. 62   
4.2.5 Data Analysis   
All mass spectra were acquired with XMASS software (Bruker Daltonics) with 
256 data points from m/z 100 to 2000 and summed over 60 - 100 scans. Data processing 
was performed with MIDAS software.63  Data were zero filled once, Hanning apodized, 
and exported to Microsoft Excel for internal frequency-to-mass calibration with a 
two-term calibration equation.64  Product ion spectra were interpreted with the aid of the 
web application GlycoFragment (www.dkfz.de/spec/projekte/fragments/).65  Product 
ions were not assigned unless they were at least 3x the noise level.  
4.3 Results and Discussion 
All product ions were labeled according to the Domon and Costello 
nomenclature.16  Subscript numerals indicate between which residues cleavage occurred, 
and superscript numerals indicate where cross-ring cleavage occurred.  When more than 
one product assignment was possible, all assignments are listed.  Internal fragments are 
indicated by parentheses (e.g., Z4β/C5).  For branched oligosaccharides, the letter α 
represents the largest branch, the letter β represents the second largest branch, and the 
letter γ represents the third largest branch.  Product ions bearing a calcium cation as a 
charge carrier are denoted with a superscript Ca (e.g., C4Ca).   
4.3.1 Positive Ion Mode Analysis: Calcium-adducted N-glycan Cations   
N-linked sialylated glycans released from human transferrin, bovine fetuin and 
α1-acid glycoprotein (AGP) were ionized with Ca2+ in positive ion mode electrospray 
(ESI).  Oligosaccharides ionized with alkali, alkaline earth and transition metals often 
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yield more cross-ring cleavages compared to their protonated counterparts following 
CAD, IRMPD, and ECD.25-28,31  Fragmentation patterns of metal-coordinated 
oligosaccharides are highly dependent on the metal cations chosen.27,31  Harvey 
compared the ionization and CAD fragmentation patterns of oligosaccharides ionized 
with different divalent metal cations, such as Ca2+, Co2+, Mg2+, Cu2+, and Mn2+, and 
found that calcium adducts yielded the highest sensitivity and provided rich structural 
information.27  In addition, Ca2+ has been shown to stabilize acidic groups in peptides 
and oligosaccharides, and to aid generation of precursor ions with more than one charge, 
which are required for ECD.31,32  Therefore, we chose to investigate IRMPD and ECD 
of Ca2+-adducted N-linked glycans.   
IRMPD of a triply charged calcium-adducted tri-antennary N-glycan (mass 
3170.1060) generated 19 glycosidic cleavages, including almost complete series of B-, Y-, 
and Z-ions (Figure 4.1), demonstrating the high fragmentation efficiency of IRMPD.  
However, no cross-ring cleavages were observed, preventing acquisition of linkage 
information.  When applying ECD to the same precursor ions, fewer glycosidic 
cleavages were found, with loss of sialic acids constituting dominating fragmentation 
pathways.  The lower fragmentation efficiency in ECD may be attributed to 
intramolecular non-covalent interactions of the N-glycan,31 which may be partially 
compensated by activating the precursor ions before ECD with laser irradiation 
(AI-ECD),60,66 or by applying higher voltages during ECD (so called hot ECD).67,68  Hot 
ECD yielded more product ions compared to regular ECD and AI-ECD (nine glycosidic 
cleavages from hot ECD compared to four from regular ECD and AI-ECD).  However, 
cross-ring cleavages were still not found following hot ECD, and no complementary 
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structural information was generated compared to IRMPD.  When applying IRMPD, 
regular ECD, and AI-ECD to other sialylated N-glycans, similar trends were observed, as 
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Figure 4.1. (a) IRMPD, (b) ECD, (c) AI-ECD, and (d) hot ECD fragmentation patterns 
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Glycan IRMPD ECD AI-ECD 
 
B3α, B4α, B2β, B6, C6, Y4α, Y3β, 
Y4β, Y6, Z1, Z6 
Y6 
B2β, B3α, C6, Y4α, 
Y6 
 
B1α1, B2α2, B3α1, B4α, B1β, B2β, 
B3β, B4β, B6, C6, Y1, Y3α, Y4α1, 
Y4α2, Y5α1, Y5α2, Y3β, Y4β, Y5β, 
Y6, Z1, Z3α, Z4α1, Z4α2, Z5α1, 
Z5α2, Z4β, Z5β, Z6 
B2α2, B3α1, 
B3β, C6, Y4α1, 
Y4α2, Y6, Z6 
B1α1, B3α1, B1β, 
B3β, C2β, Y4α1, Y3β, 
Y6, Z6 
 
B1, B2, B3α1, B3α2, B4α, B3β, 
B4β, B6, C6, Y1, Y3α, Y4α1, Y4α2, 
Y4β, Y5α, Y5β, Y5γ, Y6, Z1, Z3α, 
Z4α1, Z4α2, Z4β, Z5γ, Z6 
B3α2, B3β, Y5γ, 
Y6, Z5γ, Z6 
B3α2, B3β, Y5γ, Y6, 
Z5γ, Z6 
 
Table 4.1. Summary of product ions observed for calcium-adducted sialylated N-glycans 
following positive-ion mode IRMPD, ECD, and AI-ECD.  IRMPD yielded the most 
glycosidic cleavages in all cases.  
 
Another possible approach for overcoming the low fragmentation efficiency of 
ECD is to increase the precursor ion charge state.  When precursor ions contain more 
charge, Coulomb repulsion between charges may result in more extended structures in 
the gas phase, which contain less intramolecular interactions.69-71  To examine the 
charge state effect of glycans, we increased the final concentration of Ca2+ from 20 μM to 
40 μM in the electrospray solution, thereby obtaining higher charge species as precursor 
ions, which were subjected to IRMPD, ECD, and AI-ECD.  Figure 4.2 shows the 
fragmentation patterns from a doubly (M + Ca)2+ and triply (M + Ca + H)3+ charged 
di-antennary N-glycan (mass 2222.7830).  For doubly charged precursor ions, ECD 
yielded no fragments other than the charge-reduced species, whereas triply charged 
precursor ions generated significantly more product ions, including glycosidic cleavages 
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between every neighboring monosaccharide.  Similar trends were observed in both 
AI-ECD and IRMPD spectra, where higher precursor charge states resulted in higher 
fragmentation efficiency.  However, cross-ring cleavages were still not generated in 
ECD, which lead us to explore alternative MS/MS approaches in negative ion mode. 
No fragment
Y6 B3 Y4




























(M + Ca)2+ (M + Ca + H)3+
 
 
Figure 4.2. MS/MS fragmentation patterns from a calcium-adducted di-antennary 
N-glycan released from human transferrin. (a) IRMPD, (b) ECD, and (c) AI-ECD from 
doubly charged precursor ions. (d) IRMPD, (e) ECD, and (f) AI-ECD from triply charged 
precursor ions.  
4.3.2 Negative Ion Mode Analysis: Native N-glycan Anions   
Due to the acidity of sialic acids, negative ion mode is highly suitable for 
sialylated glycan analysis.  Not only is negative-ion mode more advantageous for 
detection of molecular ions compared to positive ion mode, it is also less likely for 
sialylated glycans to undergo in-source sialic acid loss prior to MS/MS.35,37  Low energy 









are commonly observed for (1-4) and (1-6) linked monosaccharides.72-75  Another main 
feature of negative ion mode CAD is the generation of characteristic D-type ions, for 
residues that are either (1-3) linked, or have a substituted 3-position carbon.36,76  IRMPD 
was applied to native sialylated oligosaccharide anions by Lebrilla and co-workers, but 
only product ions corresponding to deprotonated sialic acid residues were observed.41  
We previously reported IRMPD of model sialylated oligosaccharide anions, and observed 
extensive fragmentation behavior for both linear and branched species.31  Because the 
efficiency of IRMPD increases with increasing glycan size, whereas CAD does not work 
efficiently for high mass ions,41 IRMPD was primarily chosen to examine sialylated 
glycan anions in this study.  Comparison of the fragmentation patterns between IRMPD 
and CAD is shown in Figure 4.3, where IRMPD produced more unique product ions 
compared to CAD, although the fragmentation behaviors in these two vibrational 
activation techniques are generally similar. For the di-antennary N-glycan, seven unique 
product ions were observed following IRMPD compared to CAD, two of which were 
cross-ring fragments (0,2A3 and 1,5A2).  CAD generated three unique fragments (Z4, Z6, 
and B5), but none of these are cross-ring fragments. 
Figure 4.4 displays IRMPD and EDD spectra as well as fragmentation patterns for 
the same di-antennary N-glycan (mass 2222.7830) shown in Figure 4.2.  Extensive 
glycosidic and cross-ring cleavages were generated in both IRMPD and EDD.  IRMPD 
mainly produced A-, B-, and C-type ions containing the non-reducing end, while EDD 
yielded abundant X-, Y-, and Z-type ions containing the reducing end.  The B1 ion was 
the most abundant product ion, similar to observations by Zaia and co-workers from 
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Figure 4.3. Fragmentation patterns for a di-antennary N-glycan following negative-ion 
mode (a) CAD and (c) IRMPD, and fragmentation patterns for a tri-antennary N-glycan 
following (b) CAD and (d) IRMPD. Product ions unique to each fragmentation method 
are highlighted in bold. 
CAD of the same N-glycan.37  Seven unique A-type ions were found in IRMPD spectra, 
including 0,2A-, 1,3A-, 2,4A-, and 1,5A-type ions.  The 1,5A5 fragment from the branching 
mannose of the chitobiose core aided determination of the positions of the antennae.  In 
EDD, two 1,5A-type and three 1,5X-type ions were observed.  These product ions are 
completely complementary to those found following IRMPD.  1,5X-type ions have 
previously been reported in positive mode high-energy CAD, and also in EDD of 
glycosaminoglycans.48-51  In addition to cross-ring cleavages, several unique product 
ions were observed, including C – 2H, Y – 2H, and neutral loss (H2O, CH3O) from the 
charge-reduced species in the EDD spectrum.  Glycosidic cleavages accompanied by 







Wolff et al. in EDD of GAGs, and such products were used as diagnostic ions to 
distinguish IdoA and GlcA.48   
IRMPD and EDD of a doubly deprotonated tri-antennary N-glycan (mass 
2879.0106) was also examined (Figure 4.5).  As expected, both glycosidic and 
cross-ring cleavages were observed in both IRMPD and EDD spectra.  Similar to the 
fragmentation behavior of the di-antennary N-glycan, IRMPD preferably generated A-, 
B-, and C-type product ions, whereas EDD mostly generated X-, Y-, and Z-type ions.  
In IRMPD, ten glycosidic cleavages and seven cross-ring cleavages were observed.  Y6 
(m/z = 1292.96, loss of sialic acid from precursor ions) and B1 (m/z = 290.09, 
deprotonated sialic acid) fragments corresponded to the most abundant product ion 
species, in accordance with previous results.41  1,5A5 at the branching mannose residue 
aided linkage determination.  Water loss and internal fragments were also prevalent, 
which complicated the IRMPD spectrum.  Notably, EDD of the same N-glycan 
produced completely different product ions (both glycosidic and cross-ring) compared to 
those from IRMPD, implicating very different mechanisms between these two MS/MS 
techniques.  In addition to 1,5A- and 1,5X-type ions, previously observed from EDD, 1,4A- 
and 2,5X-type ions were observed.  Series of Y – 2H, C – 2H products, and neutral loss 
from the charge reduced species were also generated.  The EDD fragmentation 
efficiency of this tri-sialylated glycan was not as good as the di-sialylated one, 
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Figure 4.4.  (a) IRMPD (80 scans, 170 ms at 10 W) and (b) EDD (80 scans, 1s 
irradiation, cathode bias – 35 V) spectra of a doubly deprotonated di-sialylated N-glycan 
released from transferrin.  Squares indicate water loss from the adjacent product ion.  a 
= 1,3A6, 1,3A3, 0,2A7 or 1,3A7 (these ions share the same m/z). Fragmentation patterns from 
IRMPD and EDD are summarized at the bottom.  
(a) IRMPD 
(b) EDD 
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Figure 4.5.  (a) IRMPD (80 scans, 150 ms at 10 W) and (b) EDD (80 scans, 1s 
irradiation, cathode bias – 35 V) spectra from a doubly deprotonated tri-sialylated 
N-glycan released from bovine fetuin.  Squares indicate water loss from adjacent 







Figure 4.6 shows IRMPD and EDD of the triply charged species of the same 
glycan as in Figure 4.5.  IRMPD of (M – 3H)3- yielded 15 glycosidic and 13 cross-ring 
cleavages, most of which were A- and C-type ions, demonstrating improved 
fragmentation efficiency compared to 10 glycosidic and 7 cross-ring cleavages from (M – 
2H)2-.  This observation is in accordance with previous findings reporting that 
negative-ion mode CAD tends to produce A- and C-type ions, unlike the B- and Y-type 
product ions found following positive-ion mode CAD.74  The improved fragmentation 
efficiency of the higher charge state may be attributed to: (1) more “unfolded” gas-phase 
structure resulting from Coulomb repulsion, and (2) improved probability of generating a 
deprotonated hydroxyl in the precursor ions.  Harvey investigated the fragmentation  
mechanism of negatively charged glycan ions, and proposed that deprotonated hydroxyl 
is a prerequisite for forming cross-ring cleavages in CAD.72,75  When precursor ion 
charge state is increased, it is more likely for deprotonation to occur on hydroxyl groups.  
Unlike EDD of the doubly charged N-glycan, EDD of (M – 3H)3- yielded more product 
ions containing the non-reducing end (e.g., B1, C1, B2, C2, B3, and C3), indicating that 
charges were more evenly distributed across the glycan.  Several unique product ions, 
such as C – 2H ions and neutral loss from the charge-reduced species were also generated 
following EDD of the higher charge state.  15 glycosidic and 4 cross-ring fragments 
were observed from (M – 3H)3-, whereas 7 glycosidic and 4 cross-ring fragments were 
observed from (M – 2H)2-, demonstrating a significant improvement in fragmentation 
yield.  The influence of the precursor charge state of this glycan is summarized in Table 
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Figure 4.6.  (a) IRMPD (80 scans, 120 ms at 10 W) and (b) EDD (80 scans, 1s 
irradiation, cathode bias – 35 V) spectra from a triply deprotonated tri-sialylated 
N-glycan released from bovine fetuin.  Squares indicate water loss from adjacent 







   IRMPD (2-)  IRMPD (3-)   
Glycosidic 
cleavages  B1, B2, B3, B4, C3, C4 
B1, B3, B4α, B4β, B6, C1, C3, C4α, 
C4β, C5, C6, Y1, Z1 
Cross-ring 
cleavages  
1,5A2, 2,4A3, 1,3A4α, 2,4A2α, 
1,3A4β, 1,5A5 
1,5A2, 0,2A3, 1,3A4α, 2,4A2α, 1,3A4β, 
1,5A5, 0,2A6, 2,4A6, 2,4A7 
   EDD (2-)  EDD (3-)  
Glycosidic 
cleavages  B5, B6, Y4, Y6, Z4, Z5, Z6 
B1, B2, B3, B6, C1 , C2, C3, C4α, C5, 
C6, Y4, Y5, Y6, Z3α, Z4, Z5, Z6 
Cross-ring 
cleavages  
1,4A6, 2,5X3, 1,5X5 1,4A6, 1,5A6, 1,5A7, 1,5X5 
Table 4.2. Charge state effect in IRMPD and EDD of a tri-sialylated N-glycan released 
from bovine fetuin. 
IRMPD and EDD fragmentation patterns of a di-sialylated tri-antennary N-glycan 
from bovine fetuin are shown in Figure 4.7.  Similar to previous results, both IRMPD 
and EDD generated extensive fragmentation including both glycosidic and cross-ring 
fragments.  In IRMPD, glycosidic cleavages between almost every neighboring 
monosaccharide were produced, providing rich structural information.  Four cross-ring 
cleavages were also observed, two of which (0,2A5 and 1,5A5) occurred at the branching 
mannose, thus aiding linkage determination.  EDD of the same species resulted in six 
glycosidic and three cross-ring cleavages, with all cross-ring cleavages being different 
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Figure 4.7. Fragmentation patterns for a tri-antennary N-glycan following negative-ion 
mode IRMPD and EDD.  Cross-ring cleavages from IRMPD and EDD are completely 
complementary. 
4.4 Conclusions 
We investigated the application of ion-electron reactions towards sialylated 
N-linked glycans released from glycoproteins in both positive- and negative-ion mode.  
ECD and IRMPD of calcium-adducted glycan cations mostly resulted in glycosidic 
cleavages.  Compared to regular ECD, AI-ECD and hot ECD showed improved 
fragmentation efficiency.  Acidic glycan analysis in negative-ion mode benefits from 
more abundant signal and less ion suppression from neutral species compared to 
positive-ion mode.  When applying EDD and IRMPD to glycan anions, extensive 
fragmentation including both glycosidic and cross-ring cleavages was observed.  The 
large number of glycosidic cleavages provided important “sequence” information, and 
the complementary cross-ring cleavages from the two techniques aided determination of 
linkage type.  Charge state effects were also examined.  When precursor charge states 
were increased, IRMPD, ECD, and EDD all demonstrated improved fragmentation.  
This behavior is likely due to more extended glycan gas-phase structures and/or less 
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stable precursor ions as a result of intramolecular Coulomb repulsion.  Overall, the 
combination of EDD and negative-ion mode IRMPD appears to constitute a highly 
powerful and promising approach for structural characterization of sialylated N-glycans.   
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Glycosylation plays essential roles in a variety of cellular processes, including 
tumor growth and metastasis, immune response, and cell-cell communication.1-6  Sialic 
acids (e.g., N-acetyl neuraminic acid, NeuAc) are an important family of sugars that 
contains a carboxylic acid at the C-1 position of the six-member sugar ring.  Sialic acids 
are often found at the terminal positions of glycans and glycoconjugates, and they are 
involved in a large number of protein-glycan and glycan-glycan interactions in cellular 
processes,  including intercellular adhesion, signaling, and microbial attachment.7  
Compared to proteomics and genomics, glycomics analysis faces unique challenges due 
to the non-template driven biosynthesis and the highly diverse structures of glycans.  In 
order to achieve thorough structural elucidation of glycans, monosaccharide composition, 
degree of branching (for branched glycans), linkage type, and anomeric configuration all 
need to be determined.       
Mass spectrometry (MS) based approaches for structural characterization of 
glycans have become an emerging field due to its high sensitivity and ability to perform
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high-throughput analysis.8-11  Fourier transform ion cyclotron resonance mass 
spectrometry (FT-ICR MS) is a powerful tool for the structural analysis of glycans 
benefiting from ultra-high mass accuracy, high resolution, and compatibility with various 
MS/MS techniques.12-14  While mass profiling of glycans can be obtained by MS, detailed 
structures are difficult to assign without tandem mass spectrometry (MS/MS).  Collision 
activated dissociation (CAD),15-17 infrared multiphoton dissociation (IRMPD),18-20 high 
energy CAD (HeCAD),21-23 electron capture dissociation (ECD),24-28 electron detachment 
dissociation (EDD),29-34 negative electron transfer dissociation (NETD),35 157 nm laser 
photodissociation,36-38 and electron induced dissociation (EID)39 have all been applied for 
glycan structural characterization.   
During IRMPD, precursor ions are irradiated by an IR laser (typically 10.6 µm 
CO2 laser).  Multiple photons are absorbed and the corresponding energy is redistributed 
over all precursor ion vibrational modes.40,41  Compared to CAD, IRMPD is more 
advantageous for glycan structural analysis because of its ability to readily generate 
secondary fragmentation, which provides higher fragmentation efficiency, particularly for 
large glycans.18  EDD was first introduced to characterize peptide anions in 2001.42  
During EDD, polyanions are irradiated with >10 eV energy electrons.  Electron 
detachment occurs and generates charge-reduced species, followed by subsequent 
fragmentation.43  Our lab previously showed that EDD provides complementary 
structural information of model oligosaccharides and sialylated N-glycans compared to 
IRMPD.34,44  Amster and co-workers investigated the fragmentation behavior in EDD of 
GAGs, and found that EDD yielded extensive glycosidic and cross-ring cleavages, 
whereas CAD and IRMPD mostly resulted in glycosidic cleavages.29-33,45  EDD could 
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also be utilized to differentiate the isomers glucuronic acid and iduronic acid.29  The 
combination of EDD and IRMPD/CAD is a highly valuable tool for structural 
characterization of carbohydrates, particularly acidic carbohydrates in negative-ion mode, 
due to the ability to provide complementary structural information.  
Fluorescent labeling of glycans is frequently employed prior to MS for several 
reasons.  First, introducing a hydrophobic label to the hydrophilic glycans helps improve 
sensitivity in the mass spectrometer.46  Second, fluorescent labels enable UV or 
fluorescence detection in high-performance liquid chromatography (HPLC), and also 
enhance glycan retention on reverse phase (C18) columns.47-50  Native glycans often 
exhibit poor retention, while derivatized glycans can be separated and identified using 
C18 columns.51  In addition, recent studies have demonstrated that quantitation of glycans 
can be obtained by utilizing stable isotopic labeling.52-54  The most commonly used 
labeling method is reductive amination.  The primary amine of the label reacts with the 
aldehyde group of the glycan to generate a Schiff base intermediate, which is then 
stabilized through reduction to form a secondary amine.55  2-aminobenzoic acid (2-AA), 
2-aminobenzamide (2-AB), 2-aminopyridine (2-AP), and 5-amino-2-naphthalenesulfonic 
acid (ANSA) are some of the commonly utilized fluorescent labels.56-68   
It has been previously reported that labels may change fragmentation behaviors of 
glycans.48,50,69  For neutral glycans and labeled glycans which do not contain acidic 
groups, positive-ion mode analysis is frequently employed.  2-AB tagged 
oligosaccharides were examined in both protonated and sodiated forms by CAD, HeCAD, 
post-source decay (PSD), and ultraviolet photodissociation (UVPD).59-61,64,70,71  Harvey 
reported that 2-AB labeling at the reducing end did not significantly alter fragmentation 
110 
 
behavior of N-glycans in CAD.59  The protonated species mostly produced B- and Y-type 
glycosidic cleavages, whereas the sodiated species generated additional C-, and Y-type as 
well as cross-ring fragments.60,71  355 nm UVPD of fluorescently labeled sodiated 
oligosaccharides resulted in efficient fragmentation, generating series of A- and C-ions, 
complementary to CAD.70  2-AB labeled oligosaccharides were also analyzed in 
negative-ion mode MALDI-TOF/TOF-MS, demonstrating considerably different 
fragmentation patterns compared to positive-ion mode.63  Various cross-ring fragments 
such as 1,3A-type ions were observed, providing linkage information.  In addition, fucose 
residues were stabilized in negative-ion mode analysis, which allowed improved 
fucosylation site determination.63  Acidic glycans (e.g., sialylated glycans) or glycans 
with acidic labels (e.g., 2-AA) tend to produce abundant signals in negative-ion mode, 
which makes negative-ion mode analysis a highly favorable choice.  2-AA labeled N-
glycans mostly generates Y-ions containing the reducing end, and also some A-type 
cross-ring cleavages in negative-ion mode CAD.15  Here, we investigate the 
fragmentation behaviors of fluorescently labeled sialylated oligosaccharides by EDD and 
IRMPD, and compare those to the fragmentation patterns of underivatized species. 
5.2 Experimental 
5.2.1 Reagents   
Disialyl-lacto-N-tetraose (DSLNT) and LS-tetrasaccharide b (LSTb) were 
purchased from V-labs Inc (Covington, LA).  Human apo-transferrin, 1,4-dithio-DL-
threitol (DTT), iodoacetamide2-AA, 2-AB, boric acid, sodium acetate, and sodium 
cyanoborohydride (NaCNBH3) were obtained from Sigma Chemical Co. (St. Louis, MO).  
NH4HCO3, NH4OH, methanol, acetonitrile, glacial acetic acid, dimethyl sulfoxide 
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(DMSO), and formic acid were obtained from Fisher (Fair Lawn, NJ).  Peptide-N-
glycosidase F (PNGase F) was purchased from Calbiochem (Gibbstown, NJ). 
5.2.2 Preparation of N-linked Glycans   
The glycoprotein was reduced in 5 mM DTT at 56 oC for 45 min, alkylated by 15 
mM iodoacetamide in the dark at room temperature for 1 h, and digested with PNGase F 
(2 U) in 50 mM NH4HCO3 (pH 8) overnight at 37 oC.   
5.2.3 Fluorescent Labeling of Oligosaccharides 
Oligosaccharides (2 nmol) were first dried down, reconstituted in 60 µL freshly 
prepared labeling reagent, and incubated at 80 oC for 1h (2-AA) or 65 oC for 2h (2-AB).  
For 2-AA labeling, labeling reagent was prepared by dissolving 30 mg 2-AA and 30 mg 
NaCNBH3 in 1 mL methanol containing 4% sodium acetate (w/v) and 2% boric acid 
(w/v).  For 2-AB labeling, labeling reagent was 0.35 M 2-AB and 1 M NaCNBH3 in a 
DMSO/glacial acetic acid mixture (7:3 (v/v)). 
5.2.4 Purification of Oligosaccharides 
The fluorescently labeled oligosaccharides were purified by SPE graphitized 
carbon cartridge.  For each sample, a carbon cartridge was washed with 0.1% (v/v) 
formic acid in 80% acetonitrile/H2O (v/v), followed by deionized water.  The solution 
containing labeled oligosaccharides was loaded.  The cartridge was then washed by 
deionized water to remove salts and other contaminants.  The glycans were eluted with 
0.1% formic acid (v/v) in 20% or 40% acetonitrile/H2O (v/v).  The solution was then 
dried down in a vacuum concentrator (Eppendorf, Hamberg, Germany), and reconstituted 




5.2.5 Mass Spectrometry 
All mass spectra were collected with an actively shielded 7 T FT-ICR mass 
spectrometer with a quadrupole front-end (APEX-Q, Bruker Daltonics, Billerica, MA), as 
previously described.72  An indirectly heated hollow dispenser cathode was used to 
perform EDD.73  IRMPD was performed with a vertically mounted 25 W, 10.6 μM CO2 
laser (Synrad, Mukilteo, WA).  Samples were infused via an Apollo II electrospray ion 
source at a flow rate of 70 μL/h with the assistance of N2 nebulizing gas.  Following ion 
accumulation in the first hexapole for 0.05 s, ions were mass selectively accumulated in 
the second hexapole for 1-6 s.  Ions were then transferred through high voltage ion optics 
and captured with dynamic trapping in an Infinity ICR cell.74  The accumulation 
sequence up to the ICR cell fill was looped 3 times to optimize precursor ion signal to 
noise (S/N) ratio.  For EDD, the cathode heating current was kept at 2.0 A, and the 
cathode voltage was pulsed to a bias voltage of - 30 to - 35 V for 1 s.  IRMPD was 
performed with a laser power of 10 W with firing times ranging from 0.25-1 s.      
5.2.6 Data Analysis 
All mass spectra were acquired with XMASS software (Bruker Daltonics) with 
256 data points from m/z 100 to 2000 and summed over 60-100 scans. Data processing 
was performed with MIDAS software.75  Data were zero filled once, Hanning apodized, 
and exported to Microsoft Excel for internal frequency-to-mass calibration with a two-
term calibration equation.76   Product ion spectra were interpreted with the aid of the web 
application GlycoFragment (www.dkfz.de/spec/projekte/fragments/).77  Product ions 




5.3 Results and Discussion  
MS/MS spectra of oligosaccharides mainly contain two types of bond cleavages: 
glycosidic cleavages which occur between monosaccharide residues, and cross-ring 
cleavages occurring across sugar rings.78  Glycosidic cleavages provide structural 
information regarding monosaccharide composition, whereas cross-ring cleavages aid the 
determination of linkage type.  EDD and IRMPD fragmentation patterns of the 2-AA and 
2-AB labeled sialylated oligosaccharides DSLNT and LSTb, and an N-glycan released 
from human transferrin were investigated.  Structures of 2-AA and 2-AB are shown in 
Figure 5.1. 
 
Figure 5.1.  Structures of 2-aminobenzoic acid (2-AA) and 2-aminobenzamide (2-AB). 
5.3.1 DSLNT 
DSLNT is a branched di-sialylated oligosaccharide with the composition 
Neu5Acβ3Galβ3(Neu5Acβ6)GlcNAcβ3Galβ4Glc.  Negative-ion mode IRMPD of 2-AB 
labeled DSLNT resulted in an almost complete series of Y-ions, all containing the 
fluorescent label (Figure 5.2a), similar to the fragmentation patterns from MALDI-PSD 
of 2-AB labeled oligosaccharides.61  Y4α(3β) (m/z = 1117.4) corresponding to sialic acid 
loss was the most abundant species among the product ions, illustrating the gas-phase 
lability of sialic acids.  No cross-ring fragments were found, thus precluding acquisition 
of linkage information.  EDD of doubly deprotonated 2-AB labeled DSLNT resulted in 
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extensive fragmentation (Figure 5.2b).  All product ions were singly charged, which may 
arise from two different fragmentation mechanisms, either via direct fragmentation of 
activated precursor ions, or via the charged reduced radical ions generated after electron 
detachment.32  Glycosidic cleavages between every neighboring monosaccharide were 
observed, along with five cross-ring cleavages, including 0,2A-, 1,5A-, 0,2X-, and 1,5X-type 
ions.  0,2X- and 1,5X-type ions are generally not present in CAD/IRMPD spectra, but they 
have been observed from high-energy CAD, laser induced dissociation (LID) of sodiated 
fluorescently labeled oligosaccharides,63,69 and EDD of underivatized oligosaccharides 
and GAGs.30,32,34  Among all the product ions, C1α(1β) (m/z = 308.1) corresponding to 
sialic acid loss was the most abundant species.  CO2 loss from the charge reduced species, 
glycosidic fragments, and cross-ring fragments was frequently observed, presumably 
originating from the carboxylic acid of the sialic acids and complicating the spectrum.  
Several satellite peaks, such as C – 2H, Y – 2H, and Y – 16 Da (or Z + 2H)34 were also 
found in the spectra.  Those ions were only observed in EDD, indicating that such ions 
may arise from radical driven fragmentation pathways.30  Compared to IRMPD, EDD 
produced additional structural information including both glycosidic and cross-ring 
cleavages, rendering EDD a highly valuable and promising tool for structural 
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Figure 5.2.  (a) IRMPD (80 scans, 0.8 s at 10 W) and (b) EDD (80 scans, 1s irradiation, 
cathode bias – 30 V) spectra of 2-AB labeled DSLNT.  Cross-ring fragments are 
highlighted in bold.  Reducing end product ions lacking 2-AB are underlined in the 
spectra.  Fragmentation patterns from IRMPD and EDD are summarized in Figure 5.2c. 
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MS/MS of 2-AA labeled DSLNT is shown in Figure 5.3.  Compared to 2-AB 
labeled species, 2-AA labeled DSLNT readily generated abundant signal in negative-ion 
mode.  In order to compare the fragmentation behaviors, shorter ion accumulation time 
was chosen for 2-AA tagged species to yield the same precursor ion abundance.  IRMPD 
of 2-AA labeled DSLNT mostly resulted in Y-ions containing the fluorescent tag, which 
could aid determination of monosaccharide composition and “sequence” of the 
oligosaccharide (Figure 5.3a).  Again, no cross-ring cleavages were produced.  EDD of 2-
AA labeled DSLNT demonstrated similar fragmentation compared to the 2-AB labeled 
species (Figure 5.3b).  Thirteen glycosidic and four cross-ring cleavages were observed, 
including 1,5A-, 0,2X-, 1,3X- and 1,5X-type ions.  All product ions were singly charged.  
Extensive neutral loss (CO2, CH3O, and H2O) from the charged reduced species and 
glycosidic fragments, and internal fragments were observed in the EDD spectrum.  
Similar to Figure 5.2b, satellite ions such as C4 – 2H were found.   Their absence in the 
IRMPD spectrum of the same species suggests that those ions may originate from 
radical-driven fragmentation, or from electronic excitation.  Compared to 2-AB labeled 
species, 2-AA labeled DSLNT generated fewer cross-ring fragments (four compared to 
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Figure 5.3.  (a) IRMPD (80 scans, 1 s at 10 W) and (b) EDD (80 scans, 1s irradiation, 
cathode bias – 30 V) spectra of 2-AA labeled DSLNT.  Cross-ring fragments are 
highlighted in bold.  Reducing end fragment ions lacking 2-AA are underlined in the 





5.3.2 Sialylated N-glycan 
IRMPD and EDD of the fluorescently labeled di-sialylated N-glycan from human 
transferrin were also examined (see Figure 5.4).  Most product ions from IRMPD of the 
2-AB labeled glycan (Figure 5.4a) were singly charged, while one product from cross-
ring cleavage (m/z = 1110.9) was doubly charged.  Most glycosidic fragments were B- 
and C-type ions contained the non-reducing end.  EDD of the 2-AB labeled N-glycan 
produced a large number of glycosidic and cross-ring fragments, which provided rich 
structural information (Figure 5.4b).  In addition to glycosidic cleavages between every 
neighboring monosaccharide, three cross-ring cleavages were observed, including 1,3A-, 
1,5A-, and 0,2A-type ions. 0,2A-, 1,3A-, and 1,5A-type ions have been previously reported 
from MS/MS of deprotonated 2-AB labeled neutral N-glycans in MALDI-TOF/TOF-
MS,63 and they are also commonly observed in negative-ion mode CAD of glycans.79-81  
The 1,5A5 ion (m/z = 1769.6) at the branching mannose of the chitobiose core aided 
determination of the positions of the two antenna.  Unlike EDD of 2-AA and 2-AB 
labeled DSLNT, no X-type ions were found.   
MS/MS of the 2-AA tagged N-glycan showed somewhat different fragmentation 
behaviors compared to the 2-AB tagged species.  IRMPD of the 2-AA labeled N-glycan 
resulted in efficient fragmentation, generating eleven glycosidic and two cross-ring 
cleavages (Figure 5.4c).  It is interesting to note that 2,4X1 containing the fluorescent tag 
(m/z = 484.2) was observed.  Typically, X-type ions are absent in CAD/IRMPD of N-
glycans.18,82  The observation of X-type ions following derivatization may indicate that 
the charge locations are different in the 2-AA labeled N-glycan compared to the 
underivatized glycan.  Introduction of the acidic tag 2-AA adds an additional likely site 
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for deprotonation.  EDD of the 2-AA labeled N-glycan resulted in only glycosidic 
cleavages (Figure 5.4d).  All observed Y- and Z-type ions contained the fluorescent label 
2-AA, suggesting that one negative charge is located on 2-AA.  Compared to EDD of the 
2-AB labeled N-glycan, the most distinct difference was the absence of cross-ring 



























































Figure 5.4.  MS/MS of a 2-AA (a), (b) and 2-AB (c), (d) derivatized N-linked glycan 
released from human transferrin.  Fragmentation patterns from IRMPD (a), (c) and EDD 
(b), (d) are shown. 
5.3.3 LSTb  
LSTb is a branched mono-sialylated oligosaccharide with the composition 
Galβ3(Neu5Acβ6)GlcNAcβ3Galβ4Glc.  Negative-ion mode IRMPD and EDD of 2-AA 
labeled LSTb were investigated and the results are summarized in Figure 5.5.  IRMPD of 
2-AA labeled LSTb yielded a complete series of Y- and Z-ions, and also one cross-ring 
fragment (0,2X3α).  Again, all the Y- and Z-type ions contained the fluorescent tag.  EDD 
of 2-AA labeled LSTb produced six additional glycosidic and two additional cross-ring 
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fragments, including 1,5X2, and 1,5X3β ions.  0,2X- and 1,5X-type ions have also been 
reported in positive-ion mode high-energy CAD, LID of sodiated 2-AB labeled 
oligosaccharides, and EDD of sialylated oligosaccharides.34,63,69  Similar to EDD of 2-AA 
labeled DSLNT and the N-glycan, unique product ions such as neutral loss (H2O and 
CH3O) from the charge reduced species and C – 2H type satellite ions were observed in 
the EDD spectrum.   
2-AB labeling of LSTb was also conducted and the labeling reaction was 
successful, however, even with careful tuning of the instrument parameters, the signal 
abundance of doubly charged species was too low for EDD.  Therefore, we were not able 
to investigate EDD of 2-AB labeled LSTb.  In EDD, at least two precursor ion charges 
are required.  In addition, due to the low efficiency of EDD,27 abundant precursor ion 
signal is a prerequisite to observe product ions.  LSTb has only one acidic site, which is 
the carboxylic acid on the sialic acid and 2-AB is a neutral tag that does not enhance 
ionization in negative-ion mode.  In contrast, 2-AA labeled LSTb readily generated 
abundant signal in MS due to the acidity of 2-AA, thus EDD fragmentation could easily 
be achieved. These observations suggest that the chosen fluorescent tag for derivatization 
has a strong influence on whether EDD will be successful.   
2-AA
Y3α, Z3α, B1α, C1α













Figure 5.5.  IRMPD and EDD fragmentation patterns of 2-AA labeled LSTb. 
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5.3.4 Influence of Reducing End Derivatization on EDD Fragmentation  
EDD fragmentation patterns of DSLNT, LSTb, and the N-linked glycan released 
from human transferrin with and without fluorescent labels are summarized in Table 5.1.  
Although product ions resulting from glycosidic and cross-ring cleavages were observed 
in almost all cases, the degree of fragmentation was different, particularly for the number 
of observed cross-ring cleavages.  Underivatized oligosaccharides provided the most 
cross-ring fragments in all three sialylated oligosaccharides investigated, followed by 2-
AB labeled oligosaccharides.  This result is similar to previous studies reported by 
Harvey and co-workers in positive-ion mode.69  They compared the effects of reducing 
end substituent in high-energy CAD of N-linked oligosaccharides, including 
underivatized and 2-AB labeled oligosaccharides, and N-glycopeptides with one and four 
amino acids.  Compared to 2-AB derivatized oligosaccharides, the native species 
generated a more complete series of glycosidic fragments and also more cross-ring 
fragments due to the open nature of the reducing terminus ring.69   
2-AA labeling enhances signal abundance of oligosaccharides in negative-ion 
mode, however, the 2-AA derivatized oligosaccharides generated the smallest number of 
cross-ring cleavages.  Particularly, no cross-ring fragments were observed for the 2-AA 
labeled N-glycan (compared to three from the 2-AB labeled species and five from the 
native glycan), which makes 2-AA labeling less favorable in EDD of derivatized 
oligosaccharides.  One possible explanation of this observation is that the introduction of 
a fluorescent tag at the reducing end of oligosaccharides alters the locations of the 
negative charges.  It has been previously reported that deprotonated hydroxyl is required 
to obtain cross-ring cleavages in negative-ion mode.79-81  Without derivatization, it is 
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most favorable for the negative charges to be located on the sialic acids, but also possible 
to have deprotonated hydroxyl groups.  When 2-AA is introduced at the reducing end, the 
carboxylic acid on 2-AA is preferably deprotonated, which competes with deprotonation 
of hydroxyl groups, thus making cross-ring cleavages less likely to occur.  2-AB is a 
neutral fluorescent label; therefore introducing 2-AB does not cause a significant 
alteration of negative charges.  However, for less acidic oligosaccharides, which are 
difficult to doubly deprotonate, 2-AB is less favorable due to the lack of an acidic moiety.   
EDD 
FRAGMENTATION DSLNT LSTb N-glycan from transferrin














Table 5.1. EDD fragmentation summary of DSLNT, LSTb and an N-glycan released 
from transferrin with or without fluorescent labels. 
5.4 Conclusions  
We demonstrate that EDD of fluorescently labeled sialylated oligosaccharides 
results in extensive fragmentation, providing rich glycosidic and cross-ring fragments.  
We also show that complementary structural information can be obtained from EDD 
compared to IRMPD of the same species.  When investigating the influence of 
introducing different fluorescent labels at the reducing end of oligosaccharides, we found 
that not only does the labels effect signal abundance, but they also have a strong 
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influence on the EDD fragmentation behavior.  Native oligosaccharides showed the most 
extensive fragmentation compared to their 2-AA and 2-AB labeled counterparts.  The 
acidic tag 2-AA promotes precursor ion signal abundance in negative-ion mode.  
However, it introduces another deprotonation site to compete with the sialic acids and 
hydroxyl groups, thus suggesting that deprotonated hydroxyls are important for cross-
ring fragmentation in EDD, as in CAD.79-81  The neutral label 2-AB does not significantly 
impede generation of cross-ring cleavages, but for small and less acidic glycans which 
are difficult to doubly deprotonate, 2-AB may not be the best choice.   
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Electron Detachment Dissociation (EDD) of Pronase-derived Sialylated 
N- and O-linked Glycopeptides 
 
6.1 Introduction 
Protein glycosylation is one of the most prevalent post-translational modifications 
(PTMs).  It has been estimated that over 50% of proteins in mammalian proteomes are 
glycosylated.1  Glycosylation plays vital roles in various cellular processes, such as cell-
cell adhesion, cell-cell repulsion, molecular trafficking, and cancer metastasis.2-5  
Aberrant glycosylation has been associated with many diseases, such as cancer.6-8  
Investigating site-specific glycosylation is essential for further understanding of the 
functions and roles of glycans in biological systems.  However, compared to other PTMs 
such as phosphorylation, glycosylation is often less understood, due to the structural 
complexity of glycans and the heterogeneity of glycoforms on a specific glycosylation 
site.9-14  Based on the different sites in a polypeptide chain that glycans are attached to, 
glycosylation can be divided into N-linked and O-linked glycosylation.9  In N- 
glycosylation, glycans are attached to asparagine residues via amide bonds in the 
consensus peptide sequence Asn-Xxx-Ser/Thr (Xxx cannot be proline) and share a 
pentasaccharide core structure.  O-linked glycosylation does not have a consensus peptide
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sequence or one single core structure for all O-linked glycans, which make O-
glycosylation even more difficult to characterize. 
Despite recent technological advances, it is still analytically challenging to 
characterize glycosylation by mass spectrometry (MS) based approaches.  In order to 
fully characterize glycosylation, glycosylation site, glycan structures, and different 
glycoforms all need to be determined.  Peptide-N-glycosidase F (PNGase F) has been 
widely applied to study N-glycosylation.15  It can cleave the amide bond between the N-
glycan and the asparagine residue to release glycans from glycoproteins, which allows 
further purification and structural analysis of the glycans.  Meanwhile, the previously 
glycosylated asparagine residue is converted to an aspartic acid, introducing a mass 
difference of 1 Da in the peptide, which aids glycosylation site determination.16-18  
However, glycans and de-glycosylated peptides are often analyzed separately, which can 
be labor intensive for large scale analysis.  It would be advantageous to develop novel 
methods which could provide glycosylation site and glycan structural information 
simultaneously.  Therefore, structural characterization of glycopeptides has received 
increasing attention.19-22 
Tandem mass spectrometry (MS/MS) has become an indispensable tool for 
structural analysis of biomolecules.  A variety of MS/MS techniques have been employed 
to characterize glycopeptides, including collision activated dissociation (CAD),23-27 high-
energy CAD (HeCAD),28 infrared multiphoton dissociation (IRMPD),29-35 electron 
capture dissociation (ECD),29,30,35-37 electron transfer dissociation (ETD),38-42 157 nm 
ultraviolet photon dissociation (UVPD),43 high-energy C-trap dissociation (HCD),44 and 
post source decay (PSD).45,46  CAD and IRMPD are “slow-heating” techniques, in which 
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precursors ions are activated either by colliding with neutral gas molecules, or by 
absorbing photons, often resulting in rupture of the weakest bonds.  IRMPD often 
demonstrates higher fragmentation efficiency compared to CAD, due to its ability to 
induce multiple fragmentation events.47  When applying CAD/IRMPD to glycopeptides, 
glycosidic cleavages on the glycan moiety are frequently observed, whereas the peptides 
remain intact.29,30,35  Monosaccharide composition can be determined by CAD/IRMPD, 
however, glycosylation site information is often absent.  In ECD or ETD, precursor ions 
are irradiated with low energy electrons or reacted with radical anions to generate charge-
reduced species via electron capture or transfer followed by subsequent radical-driven 
fragmentation.  ECD and ETD typically provide more complete sequence information 
compared to CAD/IRMPD.48-50  When applying ECD/ETD to glycopeptides, peptide 
backbone cleavages (c and z• ions) are observed, while the glycan moiety is retained on 
the peptide backbone, providing information regarding glycosylation sites.29,30,35-42  Due 
to the ability of CAD/IRMPD and ECD/ETD to yield complementary structural 
information, the slow-heating and radical-driven dissociation approaches are frequently 
combined to characterize glycopeptides in positive-ion mode. 
Structural analysis of glycopeptides in negative-ion mode MS is not as widely 
utilized.  However, acidic glycopeptides such as sialylated glycopeptides are readily 
deprotonated, which makes negative-ion mode analysis a logical choice due to the 
corresponding abundant signal.  Lebrilla and co-workers investigated N- and O-linked 
glycopeptides by MS and MS/MS, and showed that negative-ion mode analysis of 
glycopeptides demonstrated unique advantages, including enhanced detection of 
glycopeptides, particularly for sialylated O-glycopeptides, and generation of more 
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peptide structural information in MS/MS.51  Deguchi and co-workers compared negative-
ion to positive-ion MS analysis of sialylated glycopeptides by MSn and also reported that 
more information about peptide sequence could be obtained from negative-ion mode.24  
Electron detachment dissociation (EDD) was recently introduced for structural 
characterization of peptide anions,52 and also has been utilized to analyze 
oligonucleotides,53,54 gangliosides,55 model oligosaccharides,56 and GAG-derived 
oligosaccharides.57-63  In EDD, polyanions are irradiated with >10 eV electrons to yield 
electron detachment, forming radical anions which undergo further radical-driven 
fragmentation.  EDD of sialylated oligosaccharides provided complementary structural 
information compared to negative-ion mode IRMPD, rendering EDD a promising tool for 
biomolecule structural elucidation.56   
Pronase E is a non-specific enzyme which can cleave a peptide backbone at any 
amino acid, thus generating short peptides with as little as one, two, or several amino 
acids.28  Compared to traditionally used trypsin, pronase has several advantages:  due to 
the steric hindrance of glycans adjacent to the glycosylation site, the reactivity of the 
protease reaction is significantly reduced.  Therefore, when short glycopeptides are 
produced via pronase digestion, non-glycosylated peptides are already digested into 
single amino acids or di-peptides, which decreases ion suppression from non-
glycosylated peptides.  In addition, compared to tryptic glycopeptides which often suffer 
from large sizes, the lengths of glycopeptides can be controlled by changing digestion 
time and protein/enzyme ratio.  MS analysis combined with pronase digestion has shown 
significant potential of achieving comprehensive structural analysis of 
glycopeptides.18,25,28,31-33,51,64-66  Here, we explore EDD and IRMPD of sialylated 
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glycopeptides from pronase digestion of human transferrin and bovine fetuin and 
compare the fragmentation behaviors from these two techniques.  To the best of our 
knowledge, this work demonstrates the first application of EDD to acidic glycopeptides. 
6.2 Experimental 
6.2.1 Reagents   
Human apo-transferrin, bovine fetuin, and protease E from Streptomyces griseus 
Type XIVin (pronase E) were purchased from Sigma Chemical Co. (St. Louis, MO).  
NH4HCO3, NH4OH, H2O, methanol, and acetonitrile were obtained from Fisher (Fair 
Lawn, NJ).   
6.2.2 Pronase Digestion of Glycoproteins and Glycopeptide Purification 
Glycoproteins were dissolved in 50 mM NH4HCO3 solution (pH 8), and incubated 
with pronase E at 37 oC from 2 h to overnight.  The mass ratio of protein to enzyme 
varied from 1:1 to 50:1.  The resulting mixtures were desalted with SPE graphitized 
carbon column (Supelco, Bellefonte, PA).  For each sample, a carbon cartridge was 
washed with 0.1% (v/v) formic acid in 80% acetonitrile/H2O (v/v), followed by deionized 
water.  The solution containing glycopeptides was loaded, and the cartridge was then 
washed with deionized water to remove salts and other contaminants.  The glycans were 
eluted with 0.1% formic acid (v/v) in 20%, 40% or 60% acetonitrile/H2O (v/v).  The 
solution was dried down in a vacuum concentrator (Eppendorf, Hamberg, Germany) and 
reconstituted in 50% methanol, 0.1% NH4OH (v/v) solution for MS analysis. 
6.2.3 Mass Spectrometry  
All mass spectra were collected with an actively shielded 7 T FT-ICR mass 
spectrometer with a quadrupole front-end (APEX-Q, Bruker Daltonics, Billerica, MA), as 
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previously described.53  An indirectly heated hollow dispenser cathode was used to 
perform EDD.67  IRMPD was performed with a vertically mounted 25 W, 10.6 μM CO2 
laser (Synrad, Mukilteo, WA).  Samples were infused via an Apollo II electrospray ion 
source at a flow rate of 70 μL/h with the assistance of N2 nebulizing gas.  Following ion 
accumulation in the first hexapole for 0.05 s, ions were mass selectively accumulated in 
the second hexapole for 1-6 s.  Ions were then transferred through high voltage ion optics 
and captured with dynamic trapping in an Infinity ICR cell.68  The accumulation 
sequence up to the ICR cell fill was looped 3 times to optimize precursor ion signal to 
noise (S/N) ratio.  For EDD, the cathode heating current was kept at 2.0 A, and the 
cathode voltage was pulsed to a bias voltage of - 30 to - 35 V for 1 s.  IRMPD was 
performed with a laser power of 10 W with firing times ranging from 0.25–0.6 s.      
6.2.4 Data Analysis 
All mass spectra were acquired with XMASS software (Bruker Daltonics) with 
256 data points from m/z 100 to 2000 and summed over 60-100 scans. Data processing 
was performed with MIDAS software.69  Data were zero filled once, Hanning apodized, 
and exported to Microsoft Excel for internal frequency-to-mass calibration with a two-
term calibration equation.70   Product ion spectra were interpreted with the aid of the web 
application GlycoFragment (www.dkfz.de/spec/projekte/fragments/).71  Product ions 
were not assigned unless the S/N ratio was at least 3. 
6.3 Results and Discussion  
Protein glycosylation of human transferrin and bovine fetuin has been previously 
well studied.72-74  In the MS/MS spectra, glycan fragments are labeled with capital letters 
using the Domon/Costello nomenclature, whereas peptide fragments are labeled with 
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lower case letters using Biemann’s nomenclature.75,76  MS/MS of glycans mainly results 
in two types of cleavages: glycosidic cleavages (B- and C-type ions) which occur 
between monosaccharide residues, and cross-ring cleavages (A- and X-type ions) across 
the sugar rings.75  Glycosidic cleavages provide structural information regarding 
monosaccharide composition, while cross-ring cleavages aid the determination of linkage 
type.   
6.3.1 An N-linked Glycopeptide with Only Asparagine 
N-linked glycopeptides can be generated by incubating the glycoprotein with 
pronase E at 37oC overnight.  When the mass ratio of pronase/protein equaled 1, the most 
abundant species in the mixture were glycopeptides with only one amino acid attached, 
accompanied by some glycosylated di-peptides (data not shown).  MS/MS of a 
glycopeptide with only asparagine from human transferrin is shown in Figure 6.1.  
Negative-ion mode IRMPD of this glycopeptide generated extensive fragments, including 
thirteen glycan glycosidic cleavages and eleven cross-ring cleavages, most of them being 
A-, B-, and C-type ions containing the non-reducing end (Figure 6.1a).  The reducing end 
fragments (Z5, Y6, and Z6) all retained the asparagine residue.  B1 (m/z = 290.09, 
deprotonated sialic acid) was the most abundant product ion species, in accordance with 
previous results.77  Notably, the large number of cross-ring fragments significantly 
contributed to the determination of linkage types.  The cross-ring fragments on the 
GlcNAc residue at the antenna (0,2A3, 1,3A3 and 2,4A3) determined the linkage of GlcNAc 
to be α1-4.  The cross-ring fragments on the GlcNAc residue attached to the amino acid 
(0,2A7, 1,3A7 and 2,4A7) determined the linkage of the neighboring GlcNAc to be α1-4 as 
well.  These results demonstrate that negative-ion mode IRMPD is a highly useful tool 
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for sialylated glycopeptide characterization, providing both monosaccharide composition 
and linkage information simultaneously. 
As shown in Figure 6.1b, EDD of the same glycopeptide resulted in drastically 
different fragmentation pathways.  Eleven glycosidic cleavages were observed while 
cross-ring cleavages were absent in the EDD spectrum.  Most product ions were Y- and 
Z-type ions retaining the amino acid.  Several fragments unique to EDD, such as C – 2H, 
and neutral losses (CO2 and H2O) from the charge-reduced species were also observed.  
C – 2H type ions have been previously reported in EDD of GAGs, standard 
oligosaccharides, and sialylated N-linked glycans, and some product ions generated from 
GAGs were used as diagnostic ions to distinguish IdoA and GlcA.56,58,78    EDD of the 
sialylated glycopeptide has a relatively simple fragmentation pattern compared to IRMPD, 
and the glycan “sequence” can be determined from the glycosidic cleavages between 
every neighboring monosaccharide.  However, lack of cross-ring fragments renders 





















































Figure 6.1.  (a) IRMPD (80 scans, 0.35 s at 10 W) and (b) EDD (80 scans, 1s irradiation, 
cathode bias – 30 V) spectra of a doubly deprotonated N-glycopeptide with one amino 
acid from pronase digestion of human transferrin.  Squares indicate water loss from the 
adjacent product ion.  Fragments containing the asparagine residue are labeled as Y(N) or 
Z(N).  a = 1,3A6, 1,3A3, 0,2A7 or 1,3A7 (these ions share the same m/z). Fragmentation 
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6.3.2 N-linked Glycopeptides with Different Peptide Lengths  
During pronase E digestion, the peptide lengths can be controlled by changing the 
ratios of pronase/protein, or by changing the incubation time.31  We were able to obtain a 
series of glycopeptides with different peptide lengths but sharing the same N-linked 
glycan structure using mass ratios of pronase/protein from 1:1 to 1:50.  Such related 
glycopeptides allow investigation of the influence of the peptide moiety on the 
fragmentation of glycopeptides. 
Figure 6.2 displays the EDD fragmentation patterns of a released N-linked glycan 
and three N-linked glycopeptides (bearing the same N-glycan) with one, two, or three 
amino acid(s) from pronase digestion of transferrin.  EDD of the N-linked glycan 
generated extensive fragmentation (Figure 6.2a), resulting in thirteen glycosidic 
cleavages and five cross-ring cleavages, including 1,5A- and 1,5X-type ions.  EDD of the 
N-linked glycopeptide with only an asparagine residue attached, as discussed previously, 
yielded eleven glycosidic fragments and no cross-ring fragments (Figure 6.2b).  It is 
interesting to note the absence of cross-ring fragments for the glycopeptide.  The m/z 
difference of the doubly deprotonated glycan and glycopeptide species is not significant 
(1110 vs 1167).  However, a drastic change in the fragmentation behavior was observed 
when one amino acid was present.  When the peptide length was further increased to a di-
peptide sharing the same glycan structure and subjected to EDD, only six glycosidic 
cleavages were observed and cross-ring cleavages were still absent (Figure 6.2c).  EDD 
of a tri-peptide sharing the same glycan moiety yielded even fewer glycosidic cleavages 
(three compared to six and eleven) and no cross-ring cleavages (Figure 6.2d).  One 
possible explanation is altered negative charge locations due to the presence of the 
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glycopeptide C-terminus.  Harvey reported that deprotonated hydroxyl is required for 
glycan anions to generate cross-ring fragments in CAD.79-81  Our results suggest that 
deprotonated hydroxyl groups may also be required for cross-ring fragmentation in EDD.  
Therefore, when a peptide portion is present, EDD fragmentation efficiency decreases, 
and less glycan structural information is obtained.  In addition, when peptide length 
increases, further decrease in fragmentation efficiency may be explained by more folded 













Figure 6.2.  EDD fragmentation patterns of an N-linked glycan released from human 
transferrin (a), and of pronase-derived N-glycopeptides with one, two, and three amino 
acid(s) from human transferrin ((b), (c), and (d), respectively).  
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Figure 6.3.  IRMPD fragmentation patterns of an N-linked glycan released from human 
transferrin (a), and pronase-derived N-glycopeptides with one, two, and three amino 
acid(s) from human transferrin ((b), (c), and (d), respectively). Increased peptide length 
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For IRMPD of N-linked glycopeptides, a similar but less dramatic trend was 
observed.  IRMPD fragmentation patterns of the same N-linked glycan and N-linked 
glycopeptides are compared in Figure 6.3.  When peptide lengths increased from zero 
(glycan) to four amino acids, the number of glycosidic cleavages decreased from thirteen 
to eight, and the number of cross-ring cleavages decreased from seven to three.  In 
IRMPD spectra, most product ions contained the non-reducing end (A-, B-, and C-type), 
including 0,2A-, 1,3A-, 1,5A-, and 2,4A-type ions.  0,2A- and 2,4A-type ions are commonly 
observed in negative-ion mode CAD of glycans.79-81  The doubly charged 1,5A5 ion (m/z = 
884.3), present in all IRMPD spectra, aided antenna determination.  Overall, EDD and 
IRMPD fragmentation efficiency decrease when glycopeptide lengths increase.  The 
glycopeptide with only asparagine residue attached generated the most extensive glycan 
structural information among the glycopeptides investigated.  However, with only one 
amino acid, it does not provide information on the N-glycosylation site within the protein.  
There seems to be a trade-off between glycosylation site determination and simultaneous 
abundant glycan structural information. 
6.3.3 An O-linked Glycopeptide with One Glycosylation Site 
O-glycosylation characterization is highly challenging because there is no 
consensus peptide sequence for O-glycosylation, and no single core structure for O-
linked glycans.  Compared to traditionally used amino acid specific enzymes such as 
trypsin and Glu C, pronase-derived O-glycopeptides are generally significantly smaller, 
often shorter than ten amino acids.  However, with the same enzyme digestion time, it is 
interesting to note that the peptide lengths for O-glycopeptides were consistently longer 
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than for N-glycopeptides.  This effect may be attributed to the more significant steric 
hindrance of O-glycans compared to N-glycans.33   
Negative-ion mode CAD, IRMPD and EDD of an O-glycopeptide from bovine 
fetuin were investigated and the results are shown in Figure 6.4.  Two peptide sequences 
are possible for this glycopeptide (APSAVPD or PSAVPDA), impossible to distinguish 
without MS/MS results.  CAD of the doubly deprotonated glycopeptide yielded one 
glycosidic cleavage in the glycan moiety and one peptide backbone cleavage (Figure 
6.4a).  No cross-ring fragments were observed.  The most abundant product ions 
corresponded to loss of one sialic acid (Y2 or Y1β), which is commonly observed in 
CAD/IRMPD of sialylated glycans or glycopeptides.34,56,77  The peptide backbone 
cleavage occurred on the C-terminal side of proline, which appears unusual.  Harrison 
and co-workers investigated deprotonated peptides containing proline using CAD, and 
observed substantial proline effect (cleaving the amide bond N-terminal to proline).82  
Internal fragments involving multiple bond cleavages and neutral loss (H2O and CO2) 
were also detected in the CAD spectrum.  IRMPD of the same glycopeptide resulted in 
both glycan structural information (three glycosidic cleavages, complete coverage of 
monosaccharide composition) and peptide sequence information (three peptide backbone 
cleavages, i.e., partial coverage), demonstrating improved fragmentation efficiency 
compared to CAD (Figure 6.4b).  However, cross-ring cleavage was still absent in the 
IRMPD spectrum.  EDD of the same species generated five glycosidic cleavages and two 
cross-ring cleavages, including 0,2X2 (0,2X1β) and 1,5X1α.  1,5X-type ions have previously 
been reported from EDD of sialylated oligosaccharides and GAGs.56-59  Multiple CO2 
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Figure 6.4.  (a) CAD (80 scans, 12 V), (b) IRMPD (80 scans, 0.35 s at 10 W), and (c) 
EDD (80 scans, 1s irradiation, cathode bias – 30 V) spectra of a doubly deprotonated O-
glycopeptide from bovine fetuin.  Squares indicate water loss from the adjacent product 
ion.  When multiple cleavages occurred, they are indicated by a slash.  If multiple 







sialic acids on the O-glycopeptide.  Compared to CAD and IRMPD, EDD of this 
glycopeptide provided the most structural information of the glycan, whereas IRMPD had 
the highest peptide sequence coverage.  Notably, only peptide backbone cleavages 
corresponding to the sequence APSAVPD were observed, suggesting that this sequence 
was dominant in the glycopeptide mixture. 
Figure 6.5 demonstrates the influence of precursor ion charge state in CAD, 
IRMPD and EDD of the same O-glycopeptide as in Figure 6.4.  Doubly deprotonated and 
triply deprotonated glycopeptide were examined.  CAD and IRMPD fragmentation 
patterns of the triply deprotonated glycopeptide were analogous, providing structural 
information regarding both glycan and peptide sequence.  CAD of the triply deprotonated 
glycopeptide yielded glycosidic cleavages between every neighboring monosaccharide 
and one cross-ring cleavage, demonstrating improved fragmentation efficiency compared 
to the doubly charged counterpart (one glycosidic and no cross-ring cleavage).  IRMPD 
of the triply charged precursor ions generated the same peptide backbone fragments, but 
produced three additional glycosidic cleavages and one additional cross-ring cleavage 
compared to the doubly charged species.  EDD of the (M -  3H)3- precursor ions resulted 
in efficient fragmentation, producing seven glycosidic, two cross-ring, and five peptide 
backbone fragments, while EDD of (M – 2H)2- yielded five glycosidic, two cross-ring, 
and one peptide backbone fragments.  Almost all peptide backbone fragments were 
assigned to the peptide sequence APSAVPD, again indicating that this sequence is the 
dominant species in the mixture. The improved fragmentation efficiency of the MS/MS 
approaches for the higher charge state may be attributed to a more “unfolded” gas-phase 
structure resulting from Coulomb repulsion.  In addition, the peptide moiety with the 
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acidic C-terminus can effectively compete with sialic acids as the negative charge 
carrier.34  When precursor ion charge state increases, it is more likely for the non-
reducing end sialic acids to become deprotonated.  Consistently, CAD, IRMPD, and EDD 
of (M - 3H)3- yielded more product ions containing the non-reducing end (e.g. B1, C1, and 
















































Figure 6.5.  CAD, IRMPD, and EDD (top to bottom) fragmentation patterns of an O-
glycopeptide with different precursor ion charge states.  Fragmentation patterns for the 
doubly deprotonated glycopeptide are shown on the left and those for the triply 
deprotonated species are shown on the right.  The glycosylation site (serine) is labeled in 
red and cross-ring cleavages are labeled in bold.  Peptide backbone cleavage 
corresponding to an alternative peptide sequence is labeled with an additional prime 





6.3.4 An O-linked Glycopeptide with Multiple Potential Glycosylation Sites 
Though pronase E is able to generate short glycopeptides, it is difficult to produce 
O-glycopeptides containing three or fewer amino acids.  Ideally, if pronase can cleave 
between adjacent glycosylation sites and thus generate only singly glycosylated peptides, 
characterization of O-glycosylation would be less challenging.  However, due to the 
steric hindrance of O-linked glycans, sometimes only multiply glycosylated peptides (i.e., 
with multiple glycosylation sites) are obtained even when very long digestion times are 
used (more than 48 h). 
IRMPD and EDD were applied to an O-glycopeptide with different precursor ion 
charge states.  The mass of this glycopeptide is 1840.72, corresponding to the peptide 
sequence AGPTPS (or GPTPSA) and the glycan moiety (Hex)2(HexNAc)2(NeuAc)2.  
Both the serine and threonine can be O-glycosylated, and the glycan moiety can be either 
two trisaccharides or a hexasaccharide.28,66,83  Without MS/MS results, it is impossible to 
determine the presence of a specific structure.  Though most peaks in the MS/MS spectra 
can be assigned to multiple structures, we found that a doubly charged peak at m/z = 
822.2997 could be exclusively assigned to the structure shown in Figure 6.6 (one 
hexasaccharide attached to threonine).  Therefore, we use this structure as an example to 
illustrate the IRMPD and EDD fragmentation patterns of this O-glycopeptide. 
IRMPD of (M – 2H)2- generated five glycosidic cleavages on the glycan and three 
peptide backbone cleavages.  The B1 ion (m/z = 290.09) corresponding to a deprotonated 
sialic acid residue was the most abundant product ion in the spectrum, which is common 
in CAD/IRMPD of sialylated oligosaccharides.  All fragments observed resulted from 
single bond cleavage, i.e., either from glycosidic cleavage or peptide backbone cleavage.  
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Internal fragments were not observed.  IRMPD of (M -  3H)3- yielded nine glycosidic 
cleavages and one peptide backbone cleavage, and also several internal fragments, 
providing more detail regarding glycan structures compared to its doubly charged 
counterpart.  Glycosidic cleavages between every adjacent monosaccharide were detected, 
generating rich “glycan sequencing” information.  However, no cross-ring fragments 
were observed in the IRMPD spectra, precluding linkage determination.  Peptide 
backbone fragments which could be assigned to both peptide sequences were observed, 
indicating that both species were present in the mixture.   
EDD of the O-glycopeptide induced extensive fragmentation, generating 
glycosidic, cross-ring, and peptide backbone cleavages simultaneously, and providing 
additional information compared to IRMPD.  Seven glycosidic, five cross-ring, and six 
backbone fragments were observed from (M – 2H)2-, and nine glycosidic, eight cross-ring, 
and nine backbone fragments were detected from (M – 3H)3- (see Figure 6.6).  For 
structural elucidation of the glycan moiety, abundant glycosidic fragments resulting from 
cleavages between every adjacent monosaccharide were observed, whereas cross-ring 
fragments such as 1,5X- and 3,5X- type ions aid the determination of glycan linkage type.  
For glycosylation site determination, in addition to the a- and x-type ions which are 
common in EDD of peptides,52,84 b- and y-ions often observed in CAD/IRMPD of 
peptides were also found.  When considering the glycopeptide as AGPTPS + Hex, the 
sequence coverage obtained from (M – 2H)2- is 60%, and the sequence coverage from (M 
– 3H)3- is 100%.  In both cases the glycosylation site can be unambiguously assigned to 
the threonine.  When considering the glycopeptide as GPTPSA + Hex, the sequence 
coverage obtained from (M – 2H)2- is 40%, and that from (M – 3H)3- is 60%.  Again, the 
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glycosylation site determination is exclusively based on the EDD results.  Therefore, 
EDD is a highly valuable tool for O-glycopeptide structural characterization, due to its 
ability to generate rich glycan structural information, and to effectively determine 
glycosylation sites.  
IRMPD
EDD

























































Figure 6.6.  IRMPD and EDD (top to bottom) fragmentation patterns of an O-
glycopeptide with different precursor ion charge states.  Fragmentation patterns for the 
doubly deprotonated glycopeptide are shown on the left, and those for the triply 
deprotonated species are shown on the right.  The glycosylation site (threonine) is labeled 
in red and cross-ring cleavages are labeled in bold.  Peptide backbone cleavage 
corresponding to an alternative peptide sequence is labeled with an additional prime 






6.4 Conclusions  
EDD and IRMPD were utilized to characterize deprotonated N-linked and O-
linked glycopeptides.  Compared to specific enzymes such as trypsin and Glu C, the non-
specific enzyme pronase E produced length-controllable glycopeptides, while 
significantly reducing ion suppression from non-glycosylated peptides.  For N-
glycopeptides sharing the same glycan structure, fragmentation efficiency of EDD and 
IRMPD decreased when peptide lengths increased.  This effect may be attributed to 
competition between the acidic peptide C-terminus and sialic acids as negative charge 
carriers, resulting in altered charge locations, as well as different gas-phase structures.  
For O-glycopeptides, relatively longer glycopeptides were obtained compared to N-
glycopeptides.  EDD induced extensive fragmentation both on the peptide and glycan 
moieties.  When fragmentation occurred on the peptide, a- and x-type ions (frequently 
observed in EDD of peptides) and b-/y-type ions (commonly seen in CAD/IRMPD of 
peptides) provided reasonably good sequence coverage, allowing glycosylation site 
determination.  When fragmentation occurred on the glycan, both extensive glycosidic 
and cross-ring fragments were generated, providing information regarding both 
monosaccharide composition and linkage type.  The fragmentation behavior in EDD was 
significantly different from the the vibrational activation technique IRMPD, which only 
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Glycosylation is one of the most prevalent post-translational modifications 
(PTMs), playing key roles in biological activities, such as cell-cell interactions, molecular 
trafficking, immune response, and different disease states.1-3  Aberrant glycosylation such 
as increased sialylation and increased branching of glycans have been linked to cancer 
metastasis and inflammation.4-11  Even though the biological significance of 
glycosylation is well established, structural characterization of glycans and 
glycoconjugates is still far from routine and faces unique challenges.  First, biosynthesis 
of glycans is non-template driven, which result in highly complex structures.3  In order to 
fully characterize glycans, monosaccharide composition, sequence, branching, linkage, 
and anomeric configuration all need to be determined, which makes glycans highly 
challenging to characterize compared to other linear biomolecules such as proteins and 
nucleic acids.12  Second, due to the hydrophilicity of glycans, they often suffer from ion 
suppression of hydrophobic molecules such as proteins and peptides and generate low 
abundance signals in mass spectrometry (MS).  Therefore, sample purification steps or
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separation by liquid chromatography (LC) prior to MS are often required, particularly for 
complex biological samples.13,14 
N-linked glycans are branched oligosaccharides sharing a chitobiose core 
structure, often linked to the asparagine residue via an amide bond in an Asn-Xxx-Ser (or 
Thr) amino acid consensus sequence with Xxx ≠ proline.12  N-linked glycans can be 
released from glycoproteins by peptide-N-glycosidase F (PNGase F), and are frequently 
identified either in native form, after permethylation, or after adding a fluorescent label at 
the reducing end.13-19  Permethylated glycans and fluorescently labeled glycans are more 
hydrophobic than native glycans, and thus are more readily ionized by electrospray 
ionization (ESI).20  However, such modifications often require extra clean-up steps, and 
may result in sample loss, particularly for low abundance species.  Therefore, it is more 
desirable to analyze glycans in their native forms, particularly for complex biological 
samples such as human serum.21,22  Reverse phase LC (RP-LC) is commonly used for 
separating hydrophobic biomolecules such as proteins and peptides.  RP-LC has also 
been utilized to separate permethylated and fluorescently labeled glycans, but normally 
the resolution for native glycans is poor.13,15,23-26  In contrast, hydrophilic interaction 
liquid chromatography (HILIC)27 and graphitized carbon chromatography14 of native 
glycans have just begun to emerge. 
HILIC is a variant of normal-phase LC (NP-LC), but uses a highly hydrophilic 
stationary phase and a less hydrophilic mobile phase consisting of water and water-
miscible organic solvents.27  Retention of glycans is caused by partitioning (hydrogen 
bonding) between the water-rich layer that covers the stationary phase and the mobile 
phase.28  NP-LC uses hydrophobic eluents (often hexane-based) in which glycans are 
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poorly soluble.  Online HILIC-ESI-MS has been applied to native and fluorescently 
labeled N-linked and O-linked glycans at low femtomol sensitivity.22,29-32  Because the 
retention is predominantly determined by multiple hydrogen bonding of glycans, 
modifications such as fluorescent labels and polar functional groups (e.g., sulfate) are 
compatible with HILIC of glycans.28  Overall, HILIC LC-MS can be utilized for sensitive 
detection and identification of glycans with high resolution, both in their native and 
derivatized forms.   
Graphitized carbon LC-MS of glycans has been developed since the early 
1990s.15,33-35  The graphitized carbon stationary phase participates in hydrophobic 
interactions, polar interactions, and also ionic interactions with glycans.14,18,35  Both 
underivatized and derivatized glycans can be separated with good resolution using porous 
graphitized carbon (PGC) columns.18,21,25,30,36-40  One advantage of such columns is their 
excellent physical and chemical stability.13  A wide range of pH values is compatible 
with PGC columns, allowing MS detection both in positive- and negative-ion modes.  
Acidic glycans are often separated at basic pH and analyzed in negative-ion mode due to 
enhanced signal in MS, while neutral glycans are separated at acidic pH and analyzed in 
positive-ion mode.14  Another feature of PGC LC-MS is its ability to separate glycan 
structural isomers, which significantly contributes to detailed structural analysis of 
glycans.38-40  Overall, PGC LC-MS is a powerful tool for glycan analysis due to its high 
sensitivity, column stability, and ability to separate glycan structural isomers.  Here, we 






7.2.1 Preparation and Purification of N-linked Glycans 
α1-acid glycoprotein (AGP) from human plasma or ribonuclease B (Sigma, St. 
Louis, MO) was reduced in 5 mM DTT (Sigma) at 56 oC for 45 min, alkylated by 15 mM 
iodoacetamide (Sigma) in the dark at room temperature for 1 h, and digested with 2U 
PNGase F (EMD Chemicals, Gibbstown, NJ) in 50 mM NH4HCO3 (Fisher, Fair Lawn, 
NJ) overnight at 37 oC.  Released glycans were purified by SPE graphitized carbon 
column (Sigma).  For each sample, a carbon cartridge was washed with 0.1% (v/v) 
formic acid (Fisher) in 80% acetonitrile/H2O (v/v, Fisher), followed by deionized water.  
The solution containing N-glycans was loaded and the cartridge was then washed with 
deionized water to remove salts and other contaminants.  Glycans were eluted with 0.1% 
formic acid (v/v) in 20% or 40% acetonitrile/H2O (v/v).  The solution was then dried 
down in a vacuum concentrator (Eppendorf, Hamberg, Germany).  For direct infusion 
mass spectrometry analysis, negative-ion mode solution was added (50% methanol, 0.1% 
NH4OH) to reconstitute the glycans.  For LC-MS analysis, 80% acetonitrile/H2O (v/v) 
was added. 
7.2.2 Liquid Chromatography – Mass Spectrometry 
Glycans were separated on a Tosoh TSK-GEL amide-80 column (5 μm; 100 Å; 1 
mm x 25 cm; Montgomeryville, PA) or a Thermo Hypercarb column (5 μm; 250 Å; 1 
mm x 10 cm; West Palm Beach, FL) with an Agilent 1100 HPLC.  For HILIC LC-MS, 
solvent A was acetonitrile with 2.5 mM ammonium acetate and solvent B was water with 
2.5 mM ammonium acetate.  For 1h separation of AGP N-glycans, the following gradient 
was used: t = 0 min, 0% solvent B; t = 10 min, 30% solvent B; t = 90 min, 35% solvent B, 
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t = 95 min, 95% solvent B; t = 115 min, 95% solvent B.  For 2h separation of ovalbumin 
N-glycans, the following gradient was used: t = 0 min, 0% solvent B; t = 10 min, 30% 
solvent B; t = 90 min, 35% solvent B, t = 95 min, 95% solvent B; t = 115 min, 95% 
solvent B.  
For PGC LC-MS, solvent A was acetonitrile and solvent B was water with 10 
mM ammonium bicarbonate.  The flow rate was 50 μL/min.  For 1h separation of AGP 
N-glycans, the following gradient was used: t = 0 min, 0% solvent B; t = 10 min, 30% 
solvent B; t = 90 min, 35% solvent B, t = 95 min, 95% solvent B; t = 115 min, 95% 
solvent B.  The HPLC was directly coupled to the mass spectrometer via an Apollo II ion 
source. 
7.2.3 Mass Spectrometry 
All mass spectra were collected with an actively shielded 7 T FT-ICR mass 
spectrometer with a quadrupole front-end (APEX-Q, Bruker Daltonics, Billerica, MA), as 
previously described.41  For direct infusion experiments, samples were infused via an 
Apollo II electrospray ion source at a flow rate of 70 μL/h with the assistance of N2 
nebulizing gas.  External CAD was performed in a hexapole following mass selective ion 
accumulation.   
  For direct infusion experiments, mass spectra were acquired with ApexControl 
software (Bruker Daltonics) with 256k data points and summed over 10 scans. LC-MS 
data were acquired with Hystar software (Bruker Daltonics).  LC-MS and MS data were 





7.3 Results and Discussion 
7.3.1 HILIC LC-FT-ICR MS of N-linked Glycans  
AGP is a highly glycosylated glycoprotein, consisting of approximately 45% 
carbohydrate, including di-, tri-, and tetra-antennary complex type N-linked glycans.42  
Chicken ovalbumin is another well characterized glycoprotein which consists of a large 
number of neutral N-linked glycans.43  We used AGP and ovalbumin as model systems to 
explore the utilization of HILIC LC-MS for sialylated and neutral N-glycans.  Figure 7.1 
compares the sialylated glycans detected in HILIC LC-MS and direct infusion 
experiments in negative-ion mode.   The majority of N-glycans eluted between 60 and 70 
minutes, as shown in the total ion chromatogram (TIC) (Figure 7.1a).  The average mass 
spectrum between 60.0 and 66.4 min from the LC-MS run is shown in Figure 7.1b.  Nine 
sialylated N-glycans were observed with different charge states, including di-, tri-, and 
tetra-antennary complex N-glycans.  The most abundant peaks in the spectra were all 
assigned either as deprotonated N-glycans or their sodium adducts.  In contrast, in direct 
infusion of the same sample, only five N-glycans were detected with relative abundances 
all lower than 8%.  This result demonstrates high selectivity for sialylated N-glycans in 
HILIC LC-MS.  
HILIC LC-FT-ICR MS of N-glycans released from chicken ovalbumin is 
demonstrated in Figure 7.2.  The majority of N-glycans eluted between 45 and 65 minutes, 
and separated with high resolution.  High-mannose, complex, and hybrid type12 N-
glycans were all observed and selected extracted ion chromatograms (EICs) are shown in 
Figure 7.2.  Because retention on the HILIC column is primarily determined by multiple 
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hydrogen bonding of glycans, the retention of neutral N-glycans increased as the glycan 
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B. HILIC LC-MS (60.0 - 66.4 min)
Figure 7.1.  Analysis of N-glycans from AGP demonstrated by (A) TIC from HILIC 
LC-MS, (B) average mass spectrum summed from 60.0 to 66.4 min using HILIC 
LC-FT-ICR MS, and (C) direct infusion ESI-FT-ICR MS (10 scans).  Highlighted 
range in (A) corresponds to 60.0–66.4 min. 
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HILIC LC-FT-ICR MS of N-glycans released from chicken ovalbumin is 
demonstrated in Figure 7.2.  The majority of N-glycans eluted between 45 and 65 minutes, 
and separated with high resolution.  High-mannose, complex, and hybrid type12 N-
glycans were all observed and selected extracted ion chromatograms (EICs) are shown in 
Figure 7.2.  Because retention on the HILIC column is primarily determined by multiple 
hydrogen bonding of glycans, the retention of neutral N-glycans increased as the glycan 
length and size increased, which correlates well with previous reports.31 
 
Figure 7.2.  Total ion chromatogram and extracted ion chromatograms of N-glycans 
released from chicken ovalbumin using HILIC LC-FT-ICR MS.   
Ovalbumin-2h_3_01_2809.d: TIC -All MS
Ovalbumin-2h_3_01_2809.d: EIC 1112.4 -All MS
Ovalbumin-2h_3_01_2809.d: EIC 1315.5 -All MS
Ovalbumin-2h_3_01_2809.d: EIC 1274.5 -All MS
Ovalbumin-2h_3_01_2809.d: EIC 1233.4 -All MS
Ovalbumin-2h_3_01_2809.d: EIC 1395.5 -All MS































































AGP-albumin-2h_1_01_2851.d: TIC -All MS
AGP-albumin-2h_1_01_2851.d: EIC 1110.4 -All MS
AGP-albumin-2h_1_01_2851.d: EIC 958.7 -All MS
AGP-albumin-2h_1_01_2851.d: EIC 1112.4 -All MS























































A 1:1 mixture of AGP N-glycans and ovalbumin N-glycans was also investigated 
by HILIC LC-FT-ICR MS.  Figure 7.3 shows the TIC and selected EICs of sialylated and 
neutral N-glycans.  Neutral and sialylated N-glycans were well separated, however, peaks 
with shoulders were observed in EICs (e.g., Figure 7.3e).  Due to the electrostatic 
interaction between sialic acids and the positively charged amide stationary phase, 
sialylated N-glycans were better retained on the column and eluted later than the neutral 
N-glycans.44  In sum, HILIC LC-FT-ICR MS can be utilized to separate and identify 
neutral and sialylated N-glycans, however, the column performance was not satisfactory 
and further optimization of conditions may still be needed. 
 
Figure 7.3.  Total ion chromatogram (a) and selected extracted ion chromatograms of 
N-glycan mixtures from AGP ((b) and (c)) and ovalbumin ((d) and (e)) using HILIC 
LC-FT-ICR MS.   
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7.3.2 PGC LC-FT-ICR MS of N-linked Glycans  
N-linked glycans released from AGP were subjected to HILIC and PGC columns 
for online LC-FT-ICR MS and the TIC and EICs of sample glycans are displayed in 
Figure 7.4.  In HILIC LC-FT-ICR MS, the di-antennary glycan (Figure 7.4b) and tri-
antennary glycan (Figure 7.4c) were not fully separated, and co-eluted between 54 and 55 
min.  There was a shoulder peak at 55 min for the tri-antennary glycan 
(HexNAc)5(Hex)6(NeuAc)3, indicating the presence of structural isomers which have 
been previously reported.45  For PGC LC-FT-ICR MS, the two glycans mentioned above 
were fully separated, and potential separation of isomers was also observed for both 
glycans (Figure 7.4d and 7.4e).  It has been reported that PGC columns provide excellent 
separation not only of structural isomers but also for anomeric isomers,14 which 
contribute to detailed glycan structural characterization. 
 
Figure 7.4.  Total ion chromatogram and selected extracted ion chromatograms of N-
glycan mixtures from AGP using HILIC LC-FT-ICR MS (a), (b), (c), and PGC LC-FT-
ICR MS (d), (e), (f).   
AGP-1h_1_01_2811.d: TIC -All MS
AGP-1h_1_01_2811.d: EIC 1110.3842 -All MS
AGP-1h_1_01_2811.d: EIC 1438.5000 -All MS
021711 40AGP 28V 5-40_2_01_3386.d: TIC -All MS
021711 40AGP 28V 5-40_2_01_3386.d: EIC 1110.4 -All MS
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Figure 7.5.  MS/MS of (a) m/z 959, (b) m/z 1438, (c) m/z 1110, and (d) m/z 1512 using 
PGC LC-FT-ICR MS. 
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Figure 7.5 displays online PGC LC-FT-ICR MS/MS spectra of sialylated glycans 
from AGP in negative-ion mode.  We used a fixed voltage when fragmenting the 
precursor ions by collision activated dissociation (CAD), and found that the 
fragmentation efficiency for higher charge state precursor ions was significantly higher 
(see Figure 7.5a and 7.5b) than for lower charge states.  For the tri-antennary glycan 
(HexNAc)5(Hex)6(NeuAc)3, triply deprotonated species yielded several glycosidic and 
cross-ring cleavages, while doubly deprotonated species only generated one glycosidic 
fragment corresponding to loss of one sialic acid.  The latter fragment helped determine 
that the glycan was sialylated, however, little structural information was obtained.  In 
addition, tandem mass spectrometry (MS/MS) of glycans also depends on glycan size.  
Figures 7.5c and 7.5d show MS/MS spectra of a doubly charged di-antennary glycan 
(HexNAc)4(Hex)5(NeuAc)2 and a doubly charged fucosylated tri-antennary glycan 
(HexNAc)5(Hex)6(Fuc)(NeuAc)3.  In Figure 7.5d, MS/MS of this tri-antennary glycan 
only produced one glycosidic cleavage, similar to Figure 7.5b.  In contrast, MS/MS of the 
di-antennary glycan yielded both glycosidic and cross-ring cleavages.  These results show 
that smaller glycans fragment more efficiently in on-line LC-MS/MS, but still not 
extensively enough to fully characterize the glycans.  For further structural elucidation, 
offline LC-MS combined with alternative MS/MS techniques such as electron capture 
dissociation,46 electron transfer dissociation,47 and electron detachment dissociation48 are 






7.4 Conclusions  
Strategies for N-linked glycan profiling using HILIC and PGC LC-FT-ICR 
MS/MS were developed.  Acidic N-glycans from AGP and neutral N-glycans from 
ovalbumin were examined with an ESI FT-ICR mass spectrometer.  HILIC LC-FT-ICR 
MS was able to separate neutral and acidic N-glycans, and demonstrated high resolution 
for neutral N-glycans.  More glycans were identified based on high mass accuracy HILIC 
LC-FT-ICR MS than from direct infusion experiments.  PGC LC-FT-ICR MS also 
achieved N-glycan profiling with good resolution, and potential separation of glycan 
isomers.  Online PGC LC-FT-ICR MS/MS provided structural information both 
regarding monosaccharide composition and linkage type.  In conclusion, HILIC and PGC 
LC-FT-ICR MS/MS are valuable tools for N-glycan profiling. 
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Conclusions and Prospects for Future Work 
 
8.1 Purpose of Dissertation 
Glycosylation characterization has been a challenging task due to the complexity 
of glycan structures and heterogeneity of glycoforms at a specific glycosylation site.  
Complete elucidation of glycosylation requires information of monosaccharide 
composition, sequence, linkage type, branching, anomeric configuration, and occupancy.  
It is essential to develop methods which can efficiently analyze glycosylation to facilitate 
better understanding of the functions it plays in various cellular processes.  As mentioned 
in Chapter 1, exoglycosidase digestion, nuclear magnetic resonance (NMR) spectroscopy, 
X-ray crystallography, and gas chromatography/mass spectrometry (GC/MS) have all 
been used for structural characterization of glycans and glycoconjugates.1  However, such 
methods do not provide the required sensitivity for current glycomics and 
glycoproteomics.  Mass spectrometry (MS) is an indispensable tool for glycosylation 
analysis, due to its high sensitivity, high mass accuracy, and low sample consumption.  In 
particular, Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) 
provides the highest resolution and resolving power of current mass spectrometers, and is
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also capable to couple with various tandem mass spectrometric (MS/MS) techniques.2,3 
 In glycan and glycopeptide fragmentation studies, collision activated dissociation 
(CAD) preferentially generates glycosidic cleavages in both positive- and negative-ion 
modes.4-10  Though glycosidic cleavages provide information regarding glycan 
composition and sequence, lack of cross-ring cleavages makes linkage determination 
difficult.  Ion-electron and ion-ion based fragmentation techniques such as electron 
capture dissociation (ECD),11 electron transfer dissociation (ETD),12 and electron 
detachment dissociation (EDD)13 have been utilized to characterize protein post-
translational modifications (PTMs), and can generate complementary structural 
information compared to CAD and infrared multiphoton dissociation (IRMPD).14-17  One 
major goal of this dissertation is to explore the utilization of ion-electron and ion-photon 
reactions to characterize neutral and acidic glycans in both native and derivatized forms, 
as well as acidic glycopeptides. 
Another aim of this dissertation is to develop liquid chromatography (LC)-FT-
ICR MS methods to separate and identify glycans.  For complex biological samples such 
as blood and serum, sample purification prior to MS is essential for structural 
characterization, and LC-MS is the most commonly utilized strategy.18-22  Here, we 
investigated online LC-FT-ICR MS of acidic and neutral N-linked glycans using columns 
with different stationary phases. 
8.2 Summary of Results 
Traditionally, most glycan structural analysis is conducted in positive-ion mode.  
Sulfated glycans have been associated with cancer metastasis processes,23 but sulfated 
glycan analysis is challenging in MS due to the lability of sulfate groups.  In Chapter 2,
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we illustrated the application of metal-adduction with ECD for sulfated N-glycan analysis.  
ECD of metal-adducted sulfated N-glycans yielded complementary structural information 
compared to IRMPD, while preserving the labile sulfate groups in all the product ions.  It 
was the first time ECD had been applied to N-linked glycans released from glycoproteins.  
The fragmentation behaviors of metal-adducted oligosaccharides in ECD, ETD, and CAD 
were also compared in Chapter 3.  Fragmentation patterns in ECD and ETD of 
oligosaccharides are generally similar, but significantly different from those from CAD.  
For doubly charged oligosaccharide precursor ions, ECD typically generates more 
extensive fragmentation compared to ETD. 
Some glycans are more suitable for analysis in negative-ion mode, such as 
sialylated glycans.  Chapter 4 utilizes ion-electron reactions to characterize sialylated N-
linked glycans both in positive- and negative-ion modes, and Chapter 5 examines 
fluorescently labeled sialylated oligosaccharides in negative-ion mode.  For native 
sialylated glycans, negative-ion mode is more advantageous.  IRMPD and EDD both 
produce extensive glycosidic and cross-ring cleavages, and the cross-ring fragments from 
the two approaches are completely complementary.  For derivatized oligosaccharides, 
EDD also generates complementary structural information compared to IRMPD.  We 
also found that fluorescent labels attached to oligosaccharides influence the 
fragmentation behavior. 
In Chapter 6, we investigate structural characterization methods of N-linked and 
O-linked glycopeptides using negative ion mode IRMPD and EDD.  Strategies involving 
use of the non-specific enzyme pronase combined with EDD are explored.  For N-linked 
glycopeptides, EDD fragmentation efficiency decreased with increased peptide length.  
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For O-linked glycopeptides, EDD was able to yield peptide backbone, glycosidic, and 
cross-ring cleavages in the same spectrum, thus being a very promising tool for structural 
analysis of O-glycopeptides. 
Finally, Chapter 7 focuses on LC-FT-ICR MS method development using 
hydrophilic interaction chromatography (HILIC) and porous graphitized carbon (PGC) 
columns to separate and identify N-glycans released from glycoproteins.  Both HILIC 
and PGC LC-FT-ICR MS can separate N-glycans with good resolution, while PGC 
demonstrates better reproducibility and potential separation of isomers. 
8.3 Prospects for Future Work 
We have demonstrated the utilization of ECD, ETD, and EDD for structural 
characterization of N-linked glycans and glycopeptides, and complementary information 
was obtained compared to CAD and IRMPD.  However, the ion-electron reactions all 
require precursor ions with at least two charges, which may be difficult to obtain for 
small glycans.  Compared to N-linked glycans, O-linked glycans are in general smaller,1 
and are thus more difficult to multiply charge, particularly in positive-ion mode.  Electron 
induced dissociation (EID) and negative-ion ECD (niECD) are promising tools for glycan 
structural analysis.  EID has been applied to singly charged fatty acids, and allowed 
determination of double bond positions of several fatty acids.24  EID can be performed 
both in positive- and negative-ion mode, which makes it potentially compatible with both 
neutral and acidic oligosaccharides.   It has been proposed that EID involves both 
electronic excitation, similar to high energy CAD, as well as vibrational excitation, 
potentially generating additional information compared to CAD/IRMPD.  niECD is a 
fragmentation technique recently developed in our lab.  Negatively charged precursor 
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ions undergo electron capture and generate “charge-increased” radical species, to further 
yield c- and z-type ions for peptides.  niECD could be a promising approach to study 
sialylated O-linked glycans in negative-ion mode. 
Chapter 7 illustrates development of HILIC and PGC LC-FT-ICR MS methods 
for N-linked glycan profiling, and shows that acidic and neutral N-glycans can be 
separated.  However, due to time limitations, factors that may influence the separation of 
glycans such as solvent, gradient, and temperature were not systematically studied and 
compared between the two stationary phases.  In addition, the current study was 
conducted using N-glycans released from standard glycoproteins and capillary LC.  The 
next logical step is to scale down to nano-scale LC (nanoLC) and implement that strategy 
to characterize more complex biological samples.  NanoLC benefits from increased 
sensitivity and reduced sample consumption, and has been widely used to study glycans 
from complex mixtures such as human serum.25-31  However, due to different 
instrumentation conditions, the method developed for capillary LC cannot be directly 
applied for nanoLC, and further optimization may still be required. 
Aberrant glycosylation have been directly associated with different disease states.  
Therefore, complete characterization of glycosylation is crucial to understand the roles it 
plays in various biological activities.  However, as described in Chapter 7, online LC-FT-
ICR MS/MS does not provide extensive structural information of N-glycans, illustrating 
the limitation of CAD.  ECD, ETD, and EDD are not easily combined with online LC 
separation due to the relatively long time for fragmentation.  One possible solution to this 
issue is to obtain standard glycans of interest, and compare their CAD fragmentation to 
the online LC-MS/MS fragmentation profiles of unknown species.  However, it may be 
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difficult to obtain such standard oligosaccharides, particularly if they are N- or O-linked 
glycans.   
Another feasible approach is to combine ion-electron reactions with off-line LC, 
but further optimization is needed for future studies.  The Advion Triversa Nanomate is 
the latest in chip-based electrospray ionization technology.  The effluent is split with a 
portion directed to a LC/MS interface while the remainder of the split effluent is collected 
at time segments into a multi-well plate.   Following LC/MS, we are able to select 
fractions of interest for further structural elucidation using alternative MS/MS strategies 
such as ion-electron and ion-ion reactions.  The strategy of combining Nanomate robot 
and FT-ICR MS has been applied to characterize a glycoconjugate mixture from urine of 
a patient suffering from Schindler's disease, demonstrating the feasibility of the strategy 
to analyze complex biological samples.32  Glycans and glycoconjugates are already used 
as targets in many therapeutic applications,33-35 and detailed characterization of cancer 
associated glycans may permit the identification of cancer vaccine candidates. 
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Metal Oxide Enrichment of Acidic Oligosaccharides 
 
A.1 Introduction 
The analysis of protein glycosylation is crucial for understanding the important 
biological roles it plays in, e.g., cell-cell interactions and immune system response.1-5  
Aberrant glycosylation changes such as increased sialylation and sulfation have been 
directly associated with cancer metastasis.6-9  Mass spectrometry (MS) has become an 
indispensable tool for structural analysis of glycans and glycoconjugates due to its high 
sensitivity, high mass accuracy, high mass resolution, and analytical versatility.10-16  In 
addition, acidic glycans often suffer from ion suppression from neutral glycans in 
positive-ion mode analysis.  Therefore, enrichment of glycans is essential prior to their 
characterization by mass spectrometry.   
Lectin-based enrichment methods have been widely applied for glycoprotein and 
glycopeptide enrichment.17,18  Lectins are a group of proteins which bind to glycans or 
glycan moieties of glycoproteins and glycolipids.19  Concanavalin A (Con A) and wheat 
germ agglutinin (WGA) are among the most widely used lectins.  Because lectins are 
highly specific to certain glycan structures, it is often necessary to use multi-dimensional 
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lectin-based approaches (e.g., lectin affinity chromatography) to fulfill the need of global-
glycomics analysis.19  Metal oxide based enrichment methods have been extensively 
utilized to selectively enrich phosphopeptides20-32 and sialylated glycopeptides.33,34  TiO2, 
ZrO2, and HfO2 demonstrated high selectivity for phosphorylated and sialylated peptides.  
Our lab demonstrated the application of metal oxide microtips for phosphopeptide 
enrichment with high specificity and high sensitivity.21  Here, we explore the application 
of TiO2 and ZrO2 microtips for the enrichment of sulfated and sialylated N-linked glycans 
prior to MS analysis. 
A.2 Experimental 
A.2.1 Reagents 
Bovine thyroid stimulating hormone (bTSH), ribonuclease B (RNAse B), human 
transferrin, maltoheptaose, peptide-N-glycosidase F (PNGase F), 1,4-dithio-DL-threitol 
(DTT), and iodoacetamide were purchased from Sigma (St. Louis, MO).  Methanol, 
acetonitrile, NH4HCO3, NH4OH, piperidine, and formic acid were obtained from Fisher 
(Fair Lawn, NJ).  Disialyl-lacto-N-tetraose (DSLNT) and lacto-N-fucopentaose (LNFP) 
were purchased from V-labs Inc (Covington, LA).  SPE graphitized carbon column was 
purchased from Alltech Associates Inc. (Deerfield, IL).  ZrO2 and TiO2 microtips were 
obtained from Glygen Corp. (Columbia, MD). 
A.2.2 Glycan Release and SPE Purification 
Glycoproteins were reduced in 5 mM DTT at 56 oC for 45 min, alkylated by 15 
mM iodoacetamide in the dark at room temperature for 1 h, and digested with PNGase F 
(2 U) in 50 mM NH4HCO3 (pH 8) overnight at 37 oC.  Released glycans were purified by 
SPE graphitized carbon column.  For each sample, a carbon cartridge was washed with 
182 
 
0.1% (v/v) formic acid in 80% acetonitrile/H2O (v/v), followed by deionized water.  The 
solution containing labeled oligosaccharides was loaded, and the cartridge was washed 
with deionized water to remove salts and other contaminants.  Glycans were eluted with 
0.1% formic acid (v/v) in 20% or 40% acetonitrile/H2O (v/v).  The solution was then 
dried down in a vacuum concentrator (Eppendorf, Hamberg, Germany) for further 
analysis. 
A.2.3 Metal Oxide Microtip Enrichment 
Oligosaccharides were reconstituted in binding solution, and loaded onto ZrO2 
microtips equilibrated with the same binding solution.  Unbound glycans and other 
contaminants were removed with washing solution (H2O), and bound sulfated glycans 
were eluted with eluting solution.  Binding solution was either 3.3% formic acid (pH 2) 
or acetic acid (pH 4).  Eluting solution was either deionized water (pH 7), 50 mM 
NH4HCO3 (pH 8), NH4OH (pH 9), or 1% piperidine (pH 11).  The eluted solution was 
dried down and reconstituted in 50% methanol, 0.1% NH4OH (v/v) for negative-ion 
mode mass spectrometry analysis.   
A.2.4 FT-ICR Mass Spectrometry   
All mass spectra were collected with an actively shielded 7 T FT-ICR mass 
spectrometer with a quadrupole front-end (APEX-Q, Bruker Daltonics, Billerica, MA), as 
previously described.35  Samples were infused via an Apollo II electrospray ion source at 
a flow rate of 70 μL/h with the assistance of N2 nebulizing gas.  Following ion 
accumulation in the first hexapole for 0.05 s, ions were mass selectively accumulated in 
the second hexapole for 1 s.  Ions were then transferred through high voltage ion optics 
and captured with dynamic trapping in an Infinity ICR cell.36  The accumulation 
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sequence up to the ICR cell fill was looped 3 times to optimize precursor ion signal to 
noise (S/N) ratio.   
A.2.5 Data Analysis.   
All mass spectra were acquired with XMASS software (Bruker Daltonics) with 
256 data points from m/z 100 to 2000 and summed over 10-20 scans. Data processing 
was performed with MIDAS software.37  Data were zero filled once, Hanning apodized, 
and exported to Microsoft Excel for internal frequency-to-mass calibration with a two-
term calibration equation.38   Product ions were not assigned unless the S/N ratio was at 
least 3.  
A.3 Results and Discussion 
A.3.1 Enrichment of Sulfated N-linked Glycans 
Zirconium oxide and titanium oxide are known to have amphoteric properties.  
Depending on the pH of the solution, they can react either as a Lewis acid or a Lewis 
base, resulted from unsatisfied valencies of both oxygen and zirconium atoms in the 
surface layer.39  Under acidic conditions, metal oxides act as a Lewis acid, and 
demonstrates high binding affinity with polyoxy anions, including phosphate, carboxylate, 
and sulfate.21  In basic solutions, metal oxides act as a Lewis base and show low binding 
affinity.  Therefore, biomolecules containing such functional groups can be released from 
metal oxides by increasing pH. 
Figure A.1 shows sulfated N-linked glycans released from bTSH before and after 
TiO2 enrichment in negative-ion mode MS.  Among all the solutions examined 3.3% 
formic acid as binding solution, H2O as eluting solution, and no washing step yielded the 
best enrichment results (data not shown).  Before enrichment, many contamination peaks 
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from m/z 800–1200 were detected.  Several sulfated N-glycans were observed with low 
abundance, both as singly and doubly charged species.  After enrichment, the abundance 
of contamination peaks significantly decreased, leaving sulfated glycans as the most 
abundant peaks in the spectrum.  Structures of the four glycans compared and the 
abundance change (normalized to charge state) after enrichment are shown in Table A.1.  
After TiO2 enrichment, the increase in abundance of sulfated N-glycans was between 50 
and 222%, indicating effective enrichment in this approach.  Similar experiments were 
conducted using ZrO2 microtips, and there was no significant difference in the results 











































Figure A.1.  Negative-ion mode MS of sulfated N-linked glycans released from bTSH 
before (top) and after (bottom) TiO2 enrichment.  Doubly charged glycan peaks are 
indicated by purple arrows, and singly charged glycan peaks are indicated by blue arrows. 
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Table A.1.  List of sulfated N-glycans and abundance changes before and after TiO2 
enrichment. 
Figure A.2 illustrates the MS spectra of sulfated N-glycans from bTSH and 
maltoheptaose prior to and following TiO2 enrichment.  Similar to the previous results, 
the abundance of all four sulfated glycans increased.  However, the abundance of 
maltoheptaose, which is not sulfated, also increased, demonstrating low selectivity of this 
approach.  It is possible that not only sulfate groups bind to TiO2 (ZrO2) the large number 
of hydroxyl groups in the glycan may also bind to TiO2 (ZrO2).  Because the surface 
properties of TiO2 and ZrO2 are not fully uncovered,40,41 the binding properties of 








Figure A.2.  The abundances of sulfated N-glycans from bTSH and maltoheptaose before 




A.3.2 Enrichment of Sialylated Oligosaccharides 
DSLNT (a doubly sialylated oligosaccharide) and LNFP (a neutral 
oligosaccharide) were mixed 1:100, and subjected to metal oxide enrichment before 
negative-ion mode MS analysis.  The optimum binding solution was acetic acid (pH 4) 
and the optimum eluting solution was NH4HCO3 (pH 8).  In Figure A.3, the MS spectra 
prior to and following zirconium oxide enrichment are compared.  Prior to enrichment, 
LNFP was the dominant species in the spectrum, while only singly charged DSLNT was 
observed with very low abundance.  After enrichment, both singly and doubly 
deprotonated DSLNT were observed and the abundance of these peaks were comparable 
with that of LNFP, demonstrating high selectivity of sialylated oligosaccharides over 

















































Figure A.3.  Negative-ion mode MS of a 1:100 mixture of DSLNT (sialylated) and 
LNFP (neutral) before and after ZrO2 enrichment.   
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In Figure A.4, MS before and after ZrO2 enrichment were compared for a mixture 
of N-linked glycans released from human transferrin and RNAse B.  The same number of 
moles of each glycoprotein was incubated with PNGase F separately, and 1/20 of N-
glycans from transferrin (all sialylated) and all the N-glycans from RNAse B were mixed 
and subjected to ZrO2 enrichment.  The glycans present in the spectra are listed in Table 
A.2.  Because acidic sialylated glycans readily generate abundant signal in negative-ion 
mode, the absolute abundance of a sialylated glycan (mass 2222) was higher than a 
neutral glycan (mass 1234) prior to enrichment.  After enrichment, two additional 
sialylated glycans from transferrin were observed, and the peak corresponding to the 
neutral glycan was negligible.  Again, these results demonstrated that ZrO2 microtips are 















































Figure A.4.  Negative-ion mode MS of a 1:20 mixture of N-linked glycans from human 
transferrin and RNAse B before and after ZrO2 enrichment.  Masses of the glycans are 




Table A.2.  List of sialylated and neutral N-glycans in Figure A.4. 
A.4 Conclusions 
Here, we explore sulfated and sialylated glycan enrichment using ZrO2 and TiO2 
microtips.  For sulfated N-linked glycans, the optimum binding solution was formic acid 
(pH 2), and the optimum eluting solution was H2O (pH 7).  After enrichment, the 
abundance of sulfated glycans increased, and they became the dominant species in the 
spectrum.  However, the neutral oligosaccharide maltoheptaose in the mixture was also 
enriched, demonstrating low selectivity of this approach.  For sialylated oligosaccharides, 
the optimum binding solution was acetic acid (pH 4), the optimum washing solution was 
H2O, and the optimum eluting solution was NH4HCO3 (pH 8).  Mixtures of standard 
sialylated and neutral oligosaccharides, and acidic and neutral N-linked glycans released 
from glycoproteins were examined.  In both cases, the sialylated species were enriched 
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